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ABSTRACT
An important limitation of polymer electrolyte fuel cell technology is the low
mechanical strength and dimensional instability with changes of water content of
proton exchange membranes (PEMs). A range of different approaches to more
stable PEMs based on Nafion have been studied of which composite materials of
Nafion with mechanically stronger polymers is one of the most promising
directions. If successful, they will lead to thinner composite PEMs with enhanced
fuel cell performance, life span, and cost-effectiveness. Developed in this thesis
are electrospinning conditions for the fabrication of electrospun mats for potential
application in PEMs. Polysulfone (PSU), poly vinylidene fluoride-cohexafluoropropylene (PVDF-HFP), and polyvinylidene fluoride (PVDF) were
tested as mechanically stronger but inert (minimal contribution to proton
transport) polymers that can tolerate the fuel cell condition. PVDF-HFP generated
defect free electrospun mats over a wide range of spinning conditions, while PSU
required very specific conditions and no successful conditions were found for
PVDF mostly due to over-wetting. These mats might function as mechanical
support and could be tested as PEMs when filled with Nafion, but the complete
filling of electrospun mats with Nafion has been proven difficult. Instead, the
electrospinning of Nafion was tested to explore options of electrospinning mixed
mats of two different polymers and co-electrospinning of core-sheath fibers. Two
commercial Nafion solutions D520 and D2020 with 5 wt% and 20 wt% content of
Nafion were electrospun together with polyethylene oxide of two different
molecular weights as a carrier polymer. Mats of sufficient quality for PEM tests
were obtained with solutions based on 20 wt% content of Nafion, a low flow rate
of 0.2 mL/h, and the lower molecular weight polyethylene oxide as carrier.
Finally, coaxial electrospinning conditions for the formation of core-sheath fibers
were developed for Nafion as sheath material and PVDF-HFP or PSU as the core
material. Defect-free, core-sheath fibers were generated when the concentration of
both solutions was high (20 wt%), the Nafion flow rate was about 0.2 mL/h for the
sheath, and the core flow rate was below the flow rate of the sheath (0.1-0.15
mL/h for PVDF-HFP and 0.15 mL/h for PSU). Mats of these core-sheath fibers
should provide good mechanical strength combined with much better
compatibility with Nafion. A straightforward pore filling with Nafion solutions is
expected and their investigation as PEMs in fuel cells is planned as future work.
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CHAPTER 1
INTRODUCTION

1.1 Fuel cells principals
Fuel cells are electrochemical devices that can convert the chemical energy of a fuel to electricity
directly [1]. Since they can convert the fuel energy to electricity directly, their efficiency does not
confine by the efficiency of Carnot Engine [2]. Therefore, their efficiency can reach to 50 to 90%
(depends on the type of fuel cells and the ability of using the by-product heat) [3].
Fuel cells are also similar to batteries which the oxidant and the fuel take part to electrochemical
reactions on the electrodes and ions transfer via a membrane or an electrolyte. However, unlike
batteries they do not need to recharge and as far as the fuel and oxidant supply for the electrodes,
they can generate electricity. This means that dissimilar to batteries, their capacity for the energy
storage does not depend on the size of the fuel cells; instead, it just depends on the size of the fuel
storage tank [3]. Additionally, they do not need the time-consuming recharging process and by
refueling, they can generate electricity again. Quietness, simplicity, and producing little or no
hazardous emissions are some of the other advantages of the fuel cells with respect to
conventional energy conversion devices such as internal combustion engine [2], [4]. Although
many different types of the fuel cells have been introduced six types of the most common fuel
cells are developed which are listed in table 1.1

Table 1.1: The most conventional fuel cells [3].
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1.1.1 Proton exchange membrane fuel cell
Among of Fuel cells, proton exchange membrane fuel cell (PEMFC) has more potential to be
used in medium size portable devices such as automobiles, scooters, and buses due to its high
efficiency, fast start-up, ability to work in low temperature, and high power density [5], [6].

1.1.1.1 PEMFC operation principals and components
The hurt of every PEMFC is a multilayer structure called membrane electrode assembly (MEA).
Each MEA consist of a proton exchange membrane (PEM) sandwiched by two electrodes:
cathode and anode. Each electrode also contains two layers: a gas diffusion layer (GDL) and a
catalyst layer (CL) (Fig. 1.1).

Fig. 1.1: A schematic of single MEA [7].

The GDL has porous structure which is usually made of carbon clothes and coated with Teflon
(PTFE). Such structure provides micro-channel for flowing fuel (H2) and oxidant (usually air) as
well as water. While the PTFE coating eases the water management, the carbon structure offers
the mechanical support for the CL and collects the electricity from it. CL that usually consists of
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deposited Platinum (Pt) nano-particles on carbon black (as the catalyst support) and mixes with a
proton conducting polymer such as Nafion provides enough sites for the electrochemical
reactions [8]. Such Pt Nano particles on the anode side help to split the hydrogen molecules to
protons by the following reaction:
H2 → 2H + + 2e−
They also combine the protons to oxygen molecules on the cathode side to produce water via the
below reaction:
1
O + 2H + + 2e− → H2 O
2 2
The produced protons on the anode side pass through a dense proton conductive membrane which
called proton exchange membrane (PEM), and reach to the other side to participate in the cathode
reaction and complete the internal circuit [9]. The PEM also block the diffusion of the electrons,
fuel, and oxidant to prevent the voltage drop due to cross-over. Possessing excellent thermomechanical and chemical stability under the fuel cell conditions are the other requirements of
PEM [10]. The generated electrons at the anode side pass through the external circuit to provide
electricity.
To reach the required voltage and power, a series of MEAs is connected by channeled and
electron conductor bipolar plates. Sometimes, the combination of the bipolar plate, GDL, and CL
are considered as the electrode of PEMFC. Such MEAs connected in-series are called PEMFCs
stack (Fig. 1.2) [11].

Fig. 1.2: Schematic a of PEMFC stack [11].
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The operation temperature of PEMFCs is usually limited to 90⁰C [9], but it has been tried to
reach it to higher temperature (120⁰C) for facilitation of thermal and water management and
improve the tolerance of electrodes to CO poisoning [12]. The highest power density of PEMFCs
is mostly 300-1000 mW/cm2 [9]; however, recently the peak of power density around
4000mW/cm2 has been also reported [13].

1.1.1.2 Challenges related to PEMFC:
There are some obstacles that need to be fully addressed for commercialization of PEMFC. The
problems such as fuel flexibility, production cost, and durability can be considered as the major
problems for development of the fuel cells as the commercial power generators.
1.1.1.2.1 Fuel flexibility
PEMFC can only work with hydrogen. The production, transportation, and storage of hydrogen
need huge investment which makes a serious barrier for wide spread usage of PEMFC in
automobile industry. By utilizing external reformers to extract the hydrogen part of the
hydrocarbon fuel, PEMFC will be able to use both hydrogen and hydrocarbon gases such as the
natural gas as the fuel. Although some parts of their efficiency and environmental friendly will be
sacrificed by this strategy, it will help PEMFC to use widespread during the transition stage of
their commercialization [9].
1.1.1.2.2 Production cost
The production costs which mainly have root in using platinum (Pt) in electrodes and expensive
polymers as the proton exchange membrane (PEM) [12]. PEMFC needs to use Pt for low
temperature electrochemical reaction in their electrodes. Up to know, extensive research has been
conduct to minimize the amount of Pt loading in the electrodes to reduce the cost which leads to
excellent development on Pt loading. In 2012 it was reported if the Pt loading become 0.2 mg/cm2
the Pt cost for each kW from PEMFC will be only 10 USD [14]. Moreover, catalysts based on
non-precious metals were the target of many studies which have potential to substitute Pt and
reduce the price [14].
The cost problem related to PEM sounds harder to be addressed. The most conventional materials
for PEM are Perfluorosulfonic Acids (PSFAs) such as Nafion PSFAs are one of the most
successful category of polymers that have been used for the proton exchange membranes for a
long time. Strong C-F bond enhance their resistivity of the polymer against the radical species
which produces during the operation of PEMFC and caused degradation of the membrane [10].
They also provide enough mechanical strength which enables them to withstand the tension and
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compression stresses during fuel cell operation when their thickness is very low (50 to 200μm)
[5]. Presence of hydrophilic part (the backbone) repeal the water to the hydrophobic part (the –
SO3H functional groups on the side chains) which provide the water channels between the
separated domains. The water molecules can carry the H+ among the channels that provides high
proton conductivity (0.1 S/cm at fully hydrated state) [9]. The structure of the most famous
PFSAs is represented in Fig. 1.3. Among of then Nafion (1a) is the most commercialized
material for the PEM application which was developed by DuPont company. DOW, Hyflon Ion
(2a), 3M (2b), Asahi Glass (3) are derivatives from Nafion that have been developed by other
companies to provide higher performance such as higher proton conductivity under lower
humidity [10]. Since the equivalent weight1 of Nafion is usually 1100 g/mol), investigation the
effect of various equivalent weight on the properties of PSFAs are not possible with Nafion.
Therefore, researchers sometimes prefer to use other PFSAs that pose variety of equivalent
weight for this purpose [5]. Although some of the other PFSAs passed many durability tests for
serving as the fuel cells’ membrane, they have not been as commercialize as Nafion [5], [15].

Fig. 1.3: Structure of some PFSAs [10].

1

“The average weight of the polymer chain structure that can accept one proton” [9]
5

Nafion membranes was purposed for the first time by DuPont company for the PEM application
in 1960s after it was introduced and tested successfully by NASA [15]. Since then, they have
been under development and several commercial membrane such as Nafion 117, Nafion 115, and
Nafion 212 have been introduced to the market. The last digit of the code shows the thickness of
the membrane by mil (1mil = 25.4μm); therefore, the thickness of N-117 membrane is 7mil for
example. While the thinner membranes are more useful when the higher power density is the
most important factor, the thicker membranes are more preferable when the durability is more
crucial or when the permeability is the main issue (such as the membrane of direct methanol fuel
cell, DMFC) [5].
PFSAs are expensive polymers due to some challenges related to their synthesis process. First,
the monomers of Tetrafluoroethylene (TFE) are costly because their synthesis requires numerous
steps and needs a lot of precautions for handling safely. Second, the functional monomer of
Nafion, perfluoro sulfonylfluoride ethyl propyl vinyl ether (PSEPVE), for example, is a product
that just used for this purpose and it does not have any other applications (Fig. 1.4). Therefore, if
the fuel cells based on PFSAs become scale up, the production costs of PFSAs will reduce
significantly [15]. In 2012, it was estimated that PEM component of PEMFC cost more than 40%
of the final expense of the fuel cell. However, if the volume production increases to 500,000
unit/year, its contribution in the final cost will reach to 12% [12].

Fig. 1.4: The synthesis process for the monomer of PSEPVE [15].

To tackle this problem, some polymers such as sulphonated poly(ether ether ketone) (SPEEK),
sulphonated poly(arylene ether sulphone) (SPES), sulphonated poly(2,6-dimethyl-1,4-phenylene
oxide) (SPPO), sulphonated polyimide (SPI), polybenzimidazole (PBI) have been designed, but
most of them are failed to fully satisfy the PEM requirements due to their improper properties like
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poor durability, high swelling, high solubility in water, and low proton conductivity [16] as it
described it table 1.2. Another method is making thinner composite PEM which will be discussed
with more details later.
Table 1.2: Structures and major characteristics of proton conducting polymers [16].

1.1.1.2.3 Durability
The third of the major problem for PEMFC development is low durability which again relate to
both the electrodes and the membrane. The most conventional material for the catalyst support in
electrodes is carbon black due to its conductivity and excellent specific surface area. However,
this material can be corroded in harsh oxidation environment of the cathode. Oxidation of carbon
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black in the cathode side can reduce the surface area and sinter the Pt catalyst which decreases the
catalytic activity of Pt. Moreover, some Pt particles can be separated from the cathode and
remove from the fuel cell during the water removal process in the cathode. To address this
problem, more corrosion resistant carbon such as carbon nano tube or graphene has been
recommended to substitute the carbon black [17]. Also, some conductive polymers such as
polyaniline [18], and semi-conductive ceramics such as doped TiO2 and SiO2 [19] sound proper
candidates to substitute the carbon based catalyst supports. Although excellent results have been
reported, the research in this field in still ongoing [20].
The durability problem related to the PEM, mostly arise during the starting up and shutting down
the fuel cell (mechanical durability). PSFAs and most of the other proton conductive materials
need to be fully hydrated to show their highest proton conductivity. However, when they become
hydrate, they also swell which causes introducing stress on the fuel cell components. When the
PEMFC is shutting down, the PEM become dry and shrink which reduce the stress arose the
swelling. Therefore, each starting up and shutting down can be considered as one cycle of fatigue.
Such fatigue can reduce the life-time of the fuel cell effectively [12], [21].
The applied stresses which arise from swelling are also barrier for the fuel cell designer to
decrease the thickness of the pure Nafion membrane to less than 25μm because the thinner
membrane cannot overcome the forces which produce from the hydration-dehydration cycles
[21]. One of the proposed methods especially for the non-PFSA membrane is introducing
crosslinking in the proton conductive polymer. However, the expense of this strategy is losing
some degree of proton conductivity [16].

1.1.2 Dimensionally stable membranes
One of the most promised strategies for dimensional changes during hydration-dehydration
process is applying a porous inert reinforcement substrate in the membrane. Such substrate can
confines the dimensional differences when the level of hydration is change which leads to
reduction the overall stress between the components of the fuel cell and improves the durability
of the membrane. They also can reinforce the membrane and improve the strength of it [10], [12].
Therefore, making thinner membrane can be possible which reduces the proton resistance of the
membrane that leads to improvement of the fuel cell performance and enhance it power density.
Moreover, thinner membrane facilitates the water and thermal management of the fuel cell.
Additionally, if the membrane makes from a PSFA, the thinner membrane can reduce the
fabrication cost effectively because less expensive polymer will be used [12], [22].
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For the porous inert substrate many polymers such as polypropylene, polycarbonate,
polyethylene, polytetrafluoroethylene (PTFE) have been examined [10]. Porous e-PTFE sheets
were preferred usually because it has good mechanical properties, high porosity and different
thickness sheets are available in the market [22], [23]. However, a research conducted by DuPont
Company revealed that the proton conductivity of e-PTFE sheets which filled with Nafion is less
than what was expected based on the volume fraction of e-PTFE. They realized that the porous
substrate of e-PTFE was collapsed during the Nafion pore-filling process which prevents filling
the core of the membrane with the proton conductor polymer [21]. Therefore, the porous supports
which can tolerate pore-filling without collapsing have been more investigated. One of the
proposed method for fabrication of highly porous support which can withstand against collapsing
during the pore-filling process is electrospinning [23].

1.2 Electrospinning:
Electrospinning is a simple and powerful technique for fabrication polymers, ceramics, and even
metals’ fibers. In this method a power supply that can provide high voltage (usually up to 30 kV)
connects to a conductive nozzle (mostly a needle of a syringe) which is filled by a viscose liquid
(a solution or molten polymer) to charge it. A collector that connects to the opposite pole or
ground is also place at a certain distance from the needle tip (Fig. 1.5). At a certain voltage the
repulsive force of the accumulated charges on the liquid surface overcome its surface tension
[24]. In this stage, the droplet at the needle’s tip starts to deform to a cone shape for increasing
the surface area of the droplet. This cone is called Taylor cone. If the voltage increases from this
level, the radius of the droplet will become smaller and smaller to reach to a semi-singularity
point (order of μm) at the critical voltage [25]. If the voltage increases further, the droplets start to
eject from the Taylor cone and accelerate to the collector due to the applied electrical field. This
process called electrospray.
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Fig. 1.5: A schematic for simple electrospinning set up [26].

Fig. 1.6: The deformation of the droplet at the end of the needle tip by increasing the applied voltages [24].

In case the polymeric solution has enough entanglement between its polymer chains, the solution
eject continuously as a jet from the Taylor cone and electrospinning will be taken place [27].
Sometimes, multiple jets emerge from the Taylor cone at high voltage, but by passing the time,
usually one of them remains and the other become vanished (Fig. 1.7) [25].
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Fig.1.7: Formation of the multiple jet [25].

The jet first moves in the straight line which called the taper jet segment. In this regime, the jet
shows enough fluidity that the accumulated charges can flow easily along the jet and redistribute
in the whole path. Such redistribution also helps the charges to reach the surface of the jet in the
way that the residual potential becomes zero in the jet. Moreover, at this stage the jet can consider
liquid, so it cannot support the applied force. The jet stretches by moving forward which leads to
the jet becomes thinner and dryer. At the certain distance from the needle tip, the jet becomes
semi-solid (between liquid and solid) which shows some degree of the viscoelasticity. In this
regime, the jet usually loses its conductivity and redistribution of the charge will not as easy as
the tapered regime. Therefore, in this stage, a small perturbation can leads to bending instabilities
which will be extended into the whole regime (Fig. 1.6) [25].

Fig. 1.8: The different regime of the electrospun jet [28].
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The bending instabilities phenomenon can be explained by the Earnshaw’s theorem. Based on
this theory, if there are for example three point charges with equal magnitude in the straight line
and the first and last charge cannot move easily, this system will not stable that causes the middle
charge leaves the straight line by applying a very small perturbation (Fig. 1.9) [28].

Fig. 1.9: Graphical illustration of the Earnshaw’s theorem for three point charges [28].

Fig. 1.10: The emerging of the radial force due to perturbation [25].

During the electrospinning process, such bending due to the perturbation can increase the
elongation of the jet. The repulsive force of the bending segments causes the new radial force
which grows exponentially by passing the time (Fig. 1.10). The mentioned deformations also
increases the elongation which more preferable for the jet to reduce its charge density. In fact,
most of the time, the distance between the needle tip and the collector is just between 5-20 cm
12

which cannot provide enough space for the jet to expand and reduces the surface charge
effectively. Moving the jet in the coiled path assist it to elongate extraordinary (sometimes 10,000
times of the needle collector distance) and decreases the surface charge efficiently [25]. Such
elongation decreases the cross section of the formed jet to the submicron or nanometer scale and
by drying the jet, very thin fibers are remains [29]. It should be mentioned that the bending
instabilities may extended in the coil segments to stretch it more and reduce the surface charge. In
this situation, second, third, etc instabilities can be taken place too (Fig. 1.11) [25].
Although the electrospinning was discovered at the beginning of the 20th century and it was
patented in 1929 (for producing polymer fibers), it was not absorbed attention until 1990s, when
researchers were looking for simple and powerful methods for fabrication of nano-fibers in their
labs. The simplicity and cost effectiveness in low production scale are some of the major
advantages of the electrospinning. Moreover, just by controlling the electrospinning parameters, it
is possible to tune the morphology of the electrospun fibers in different scale [30].

Fig. 1.11: The second, third, etc. bending instabilities extended in the coiled jet [25]
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1.2.1 The effect of the controlling parameters
The electrospinning parameters can be divided into the three categories: the process parameters
(such as the applied voltage, flow rate, tip to collector distance), the solution parameters (e.g.
viscosity, concentration, conductivity), and the ambient parameters (like humidity and the
temperature of the electrospinning chamber)

1.2.1.1 The process parameters
1.2.1.1.1 The applied voltage
The applied voltage is a crucial factor for the electrospinning. Below a certain critical voltage, the
electrospinning cannot take place because enough charges accumulate on the surface of the
solution to form the Taylor cone and eject the solution [26], [28] . The initial shape of the cone is
also governed by the applied voltage which will control the morphology of the fibers [31].
The applied voltage can influence on the fiber diameters; however, there is not a solid agreement
on the on the effect of the applied voltages. Most of the researchers suggested that the surface
charge and the electrical filed between the needle tip and the collector increase by enhancing the
applied voltage. Accumulation of more charges causes stretching the jet more to reduce the
surface charge. The increasing the electrical filed between the nozzle tip and the collector also
accelerates the jet and causes more elongation. Both of these effects reduce the fiber diameters.
On the other hand, more material will be ejected by increasing the voltage which can increase the
fibers’ diameter [26], [28].
Sometimes, these two opposing effects were observed in one experiment. For example, it has
been reported that the PVDF fibers became thicker when the voltage rose to 16 kV, but the
thinner fibers formed when the voltage was increased further. In addition to this observation, it
was reported that the voltage did not change the fibers’ diameter which was suggested that the
two opposing effects offset each other [28].
It should be mentioned that increasing the voltage too much can reduce the stability of the jet
which leads to beads formation [29]. Additionally, the branching can be occurred at high applied
voltage [25].
1.2.1.1.2 Flow rate:
Using higher flow rate can be more desirable for the electrospinning process because ithe
production rate will be increased. However, it can have an adverse effect on the morphology of
the nano-fibers [28]. Lower flow rate usually leads to increasing charging up the fibers because
14

the solution has enough time for polarization during flowing in the conductive nozzle [31].
Additionally, since a mass balance should be preserved between the feeding solution and the
leaving solution from the cone, lower flow rate causes less solution ejection per unit of the time
[24]. Therefore, by decreasing the flow rate the diameter of the fibers decreases [24], [31].
Moreover, when the flow rate is lower, the solution can dry easier because less solution eject
from the cone [26] which can prevent the over-wetting and cast formation problem. The flow rate
can also effect on the stability of the Taylor cone. It was reported when the flow rate is beyond
the critical value, the whole solution that is fed to the needle tip cannot leave by the
electrospinning and some of them spraying as unspun droplets (Fig.1.12) [24]. In this situation,
droplets frequently leave the jet without forming the fibers to balance the mass. Bead formation,
splitting, and ribbon-like structures sometimes were reported in the microstructure due to high
flow rate [26], [28].

Fig. 1.12: Formation of the electrospun jet and unspun droplet [24].

1.2.1.1.3 Type of collectors
Different type of materials have been examined as the collector such as copper mesh, aluminum
foil, paper, water bath, and conductive clothes [26], [31]. It has been observed that the type of the
material as the collector can change the morphology of the fabricated mat. Applying highly
conductive materials such as metals as the collector reduces the fibers’ charge and decrease the
repulsive force between the fibers which leads to achieving denser structure [31]. Although using
aluminum foil is very conventional among the researchers due to its low prices, flexibility and
simplicity, some prefer to use solvent bath, owing to easier separation of the mat from the
collector [32], [33]. It should be mentioned that the collector is not always a static plate; instead,

15

rotating drum and rotating wheel sometimes are utilized to order the fibers in the final mat or
increase the mat size or change the uniformity of the mat [28], [34].

1.2.1.2 The solution parameters
1.2.1.2.1 Polymer concentration
Polymer concentration is a crucial factor which can impact seriously on the morphology of the
electrospun fibers. The concentration of the polymer can govern the entanglement and rearrange
of the polymer chains in the solution that heavily affect the electrospinnability and the
microstructure of the obtained fibers [28]. It also has a great influence on the viscosity and
surface tension of the solution [31]. Based on the solution concentration, four different regimes
for electrospinning of a polymer can be obtained:
(a) At extremely low concentration, the viscosity of the solution is too low, the polymer
entanglement is negligible, and the surface energy is the dominant factor. In this situation,
electrospraying is occurred instead of electrospinning which leads to drops formation rather than
fibers formation. In other words, the solution is not electrospinnable [31].
(b) By increasing the concentration, fibers become appear in the microstructure, but the defects
such as discontinuity, merging, and beads can also be observed in the fibers, due to overcoming
the surface tension to the viscoelastic force. At the lower level of this range, the beads are
spherical, but by increasing the concentration, they change to spindle-like shapes [31], [28].
Additionally, since the molecular entanglement is not much at low concentration, the viscoelastic
force which resist against deformation is not significant. Therefore, large deformation is taken
placed and very thin fibers can be produced [28].
(c) When the concentration reaches to a critical level, the viscoelastic force is the overwhelming
factor, and defect free fibers can be produced [31]. The critical concentration for fabrication of
safe electrospun fibers mostly depends on the nature of the solvent and the molecular weight of
the polymer. Therefore, based on the selected materials (the polymer and the solvent), different
value for the critical concentration can be observed [28].
(d) If the concentration is too high, curly, wavy, and sometimes straight fibers can be produced
[31]. Furthermore, fibers can be too thick and uneven at high polymer concentration [28].
Sometimes at extremely high concentration, it is not possible to electrospin the solution because
of its high viscosity and lack of solution fluidity [28], [26]. By increasing the concentration, it has
been reported the critical voltage for electrospinning is rose too [28].
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1.2.1.2.2 Molecular weight
Molecular weight plays an important role on rheological (e.g.: viscosity and surface tension) and
electrical properties (such as conductivity and dielectric strength) of the polymer solution. While
too low molecular weight in the electrospinning process leads to beads formation, too high
molecular weight causes increasing the average diameters of the fibers and ribbon-like structure
[26], [31]. Molecular weight of the polymer can be translated to the degree of the polymer
entanglement which directly effects on the viscosity. It was observed that even at very low
concentration when the molecular weight is high enough, the polymer solution shows appropriate
viscosity that makes it electrospinnable [26]. Although usually the high molecular weight
polymers are selected for electrospinning to have enough entanglement, it is sometimes possible
to electrospin very low molecular weight polymers if the concentration is adjusted to a higher
level [31].
1.2.1.2.3 Viscosity
Viscosity is also a crucial factor for a successful electrospinning. At extremely low viscosity, the
polymer solution sprays instead of spinning by applying a high voltage to it. The electrospun
fibers are also suffered from bead formation when the viscosity is low because at low viscosity
the surface tension is the dominant factor for shaping the fibers. At extremely high viscosity; on
the other hand, it is very difficult for the jet to eject from the Taylor cone. High viscosity can
leads to increasing the size of the fibers as well as more uniformity of the fibers’ diameter.
Therefore, for producing defect free fibers, a window of viscosity is existed. For different
polymers, very wide range of viscosity, from 1 to 215 poise, have been reported that provided
successful results. It should be mentioned that viscosity, molecular weight, and the concentration
are the parameters that correlate each other. Therefore, the effect of viscosity can be offset by
selection of appropriate concentration and molecular weight of the polymer [26].
1.2.1.2.4 Volatility of solvent
During the electrospinning process, fast solvent evaporation and phase separation is taken placed
because of the jet reduction diameter by stretching. Therefore, the vapor pressure of the solvent
has an effective role on the morphology of the electrospun fibers [26]. Cylindrical fibers can be
obtained by careful solvent mixture selection (high vapor pressure/low vapor pressure) [30]. It
was reported, using too much high boiling point solvent in the solvent mixture made evaporation
sluggish which led to branched fiber and cross-linked fiber formation. On the other hand, when
the low boiling point component was too much, hollow core beads were formed due to fast
evaporation of the jet [31].
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In coaxial electrospinning, the volatility of the core solvent can heavily affect the morphology of
the formed fibers. Coaxial electrospinning is a modified electrospinning method which usually
used a coaxial nozzle to produce core-sheath fibers. In this technique, mostly one solvent feeds to
the inner nozzle and the other one feeds to the outer nozzle. If the parameters are controled
precisely, coaxial electrospun fibers will be obtained (Fig. 1.13). It was observed when highly
volatile solvent such as chloroform or acetone used as the core, a thin layer was formed in the
core-sheath interface due to rapid evaporation. The solidified thin layer hindered the further
evaporation and made the drying process sluggish. When the residual solvent left, the central part
of the core became empty which caused the fibers collapsed and ribbon-like fibers were
produced. Using the low boiling point solvent in the sheath solution can disturb the process too.
In this case, the Taylor cone dries rapidly and makes it unstable. As a result, irregular coaxial
structure can be formed or even two separate fibers will be produced [35].

Fig. 1.13: Schematic of core-sheath formation by coaxial electrospinning [35].

1.2.1.2.5 Surface tension
Since polymers in the solution just have a little effect on the surface tension of the solution [36];
therefore, this parameter is mostly governed by the type of the solvent. While high surface
tension usually causes the instability of the jet which leads to spray the droplets, high surface
tension also increases the possibilities of the beads formation. As a result, lower surface tension
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usually preferable [26]. Reduction of the surface tension mostly achieves by using the mixture of
the solvents because sometimes a pure solvent does not have enough solubility, volatility, and
low surface tension at the same time to make the solution electrospinnable [37]. It should be
mentioned that although lower surface tension is usually preferable for electrospinning, there is
upper and lower limit for this purpose and the lower surface tension do not make the solution
always electrospinnable [26].
1.2.1.2.6 Solution conductivity/ surface charge density
Usually by increasing the conductivity of the solution, the diameter of electrospun fibers reduces
remarkably because the jet carries more charges. Such higher charge density stretches the fibers
more which leads to reduction of the fibers’ size. The size of the ions also impacts the
morphology of the electrospun fibers. The smaller ions have higher charge density and higher
mobility under external electrical field. Therefore, thinner fibers can be achieved when smaller
ions add to the solution. Usually, the conductivity of the polymer solution is affected by type of
the polymer, type of the solvent, and the surfactant that adds to the solution [31].
Reduction of the excess charge on the fibers causes bead formation because such excess charge
stabilizes the elongation and overcome the effect of the surface tension [25]. Therefore, by
increasing the conductivity, the possibility of the bead formation will be decreased. It was also
reported that the fiber formation became almost impossible when the solution had extremely low
conductivity [31]. However, extremely high conductivity makes very high bending instabilities
which leads to wide diameter distribution [26]. Additionally, high charge density of the surface of
the fibers can cause branching and garland formation [38].
Increasing the conductivity of the solution sometimes make difficult to fabricate a two
dimensional mat structure which mostly happened during the electrospinning of polyelectrolytes.
Such polymers are become dissociated in the polar solvents and increase the conductivity of the
solutions. In such cases, if the ambient atmosphere is too humid, the fibers show high ionic
conductivity and the formed fibers prefer to accumulate on the other fibers instead of the
collectors. Therefore, a three dimensional fluffy structure was formed instead of a normal two
dimensional mat [39] (see the effect of the ambient).

1.2.1.3 The ambient parameters:
Beside the solution and the processing parameters, ambient parameters can affect the morphology
of the fibers too. It was reported that by increasing the temperature of the chamber from 25 to
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75⁰C, thinner fibers will be formed. Also, the cross section of the fibers changed from circular to
ribbon-like shape [31].
Relative humidity (RH) is another ambient parameter that can influence the electrospinning
process. For neutral polymers, by increasing the RH the fibers become thicker because the
presence of water molecules can decrease the amount of the accumulate charges on the
electrospun jet [31]. Additionally, higher RH can cause pore formation on the surface of the
fibers [26] because the water can dissolve into the polymer solution and which release from the
surface as micro-bubbles during the drying process and leave small pores (Fig. 1.14) [40].

Fig. 1.14: A schematic diagram for formation of pores in nanofibers during electrospinning and the cross
section of a porous fiber [40].

20

On the other hand, when the humidity is too low, the evaporation rate will be increased. This
sometimes make a problem such as clogging because the solvent of the solution in the Taylor
cone evaporate and the polymer solidify before leaving the cone [26] .
For the polyelectrolyte, the effect of the humidity can be more serious. The poly electrolyte
shows very high conductivity in the polar solution like water and alcohols. If the polyelectrolyte
polymers electrospin under the high humidity condition, yarns will start to grow from the
collector’s surface to the needle’s tip. Therefore, instead of forming two- dimensional mat, a 3D
structure will be produced. One of the possible explanations for describing this phenomenon is
having high conductivity of the fibers in high humidity condition. When the fibers touch the
collector, they become neutralized on the collector. The new fibers prefer to deposit to the former
fibers because they are neutralize, they have enough conductivity to transfer the charge to the
collector, and their distance to the needle tip is lower which leads to transferring their charges via
a shorter path. It should be mentioned that the electrospun fiber is mostly continuous, so it may
loss some part of its accumulated charge during the flight by the fast charge transferring.
Therefore, they growth as the yarn from the collector to the needle (Fig.1.15) [41]. To diminish
yarn formation instead of mad it is recommended to reduce the relative humidity [39].
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Fig. 1.15: The Poly(p-phenylenevinylene) yarn formation of under high RH (50-70%) at different time
frame [41].

1.3 Application of electrospinning for fabrication of proton exchange
membranes:
Usually two strategies have been applying for making PEMs by electrospun fibers:
(1) Fabrication of reinforcement fibers by electrospinning followed by filing the pores,
(2) Fabrication of proton conductor materials by electrospinning and filling the pores by inert
high strength polymers [42]. Additionally, some researchers used inorganic nanofibers in proton
conductor matrix to improve the ability of the membrane to work in higher temperature which
beyond the scope of this study [23]. It has been also reported to embed the electrospun proton
conductor fibers in the same matrix or another proton conductor matrix to improve the surface
tension mismatch during the pore-filling process or improve the conductivity of the membrane
[43], [44]. However, the later method has not been very popular because most of the ionomers
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suffer from poor mechanical properties and high swelling [16]. As a result, it has been preferred
that one component work as a support.

1.3.1. Composite membrane that consist of inert electrospun fibers which
filled with a proton conductor matrix:
In this strategy, high strength polymer fibers are produced by electrospinning. Then the pores of
electrospun mat are filled by a proton conductore polymer by impregnation, casting etc. Polymers
such as polyvinylidene fluoride (PVDF), poly vinyl alcohol (PVA), polystyrene (PS), polysulfone
(PSU), and polyimide (PI) have been examined for this purpose due to their electrosinnability,
good mechanical properties and high chemical and thermal stability under the fuel cell working
condition [23]. By applying this method not only the thickness of the membrane can be reduced
which improve the performance of the fuel cell and decrease the final cost, but also the
dimensional change during hydration and dehydration cycles become limited which improve the
durability of the fuel cell [12]. In addition to improvement the performance and durability of the
fuel cell, applying this strategy can reduce the fuel crossover which crucial for direct methanol
fuel cell (DMFC), microbial fuel cell, and redox flow batteries applications.
For example J. Jin et al [45] fabricated fluorinated polybenzoxazole (6F-PBO) nanofiber by
electrospinning of poly (hydroxyamide) followed by heat treatment. Then the pores of 6F-PBO
mats were filled by sulfonated poly(phenylsulfone) (sPPSU) via casting. The obtained composite
membranes were superior mechanical properties and dimensional stabilities than pure sPPSU and
Nafion. However, it showed lower proton conductivity because the fibers provide weak
conductive path for the protons. Therefore, the proton did not confine to diffuse just in the matrix
which had appropriate conductivity. Although the composite membranes were less proton
conductive than the pristine sPPSU, their performance in direct methanol fuel cell was higher
than Nafion and pure sPPSU. The authors concluded that the composite membrane had far less
methanol crossover; therefore, higher power density and higher open circuit volt (OCV) were
achieved.
S. Shahgaldi et al [46] made PVDF/Nafion composite for PEM of the microbial fuel cell. For this
purpose, they fabricated PVDF mats by electrospinning and put them in the petri dishes which
contained different concentration of Nafion solutions (0.2, 0.4, and 0.6g). Unfortunately, they did
not explain exactly whether these numbers were g/L or the amount of the Nafion in the final
membrane. They made PVDF mats with ribbon-like fiber structure and after casting with Nafion
dense membranes were obtained. Their results indicated that the composite membrane made from
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0.4g Nafion showed higher performance than the commercial Nafion (Nafion 117) due to
blocking the oxygen crossover. However, they did not mention how PVDF nanofibers reduced
the oxygen crossover.
Fabrication composite membranes by electrospinning have not been reached to a satisfactory
result. For example, M.M. Mannarino et al [47] made a composite membrane from sulfonated
poly (2,6-dimethyl-1,4-phenylene oxide) (sPPO) as the proton conductor phase and poly
(trimethyl hexamethylene terephthalamide) (PA 6(3)T) as the strengthening phase. To make sure
that the mentioned polymers mixed completely after electrospinningthe mat was plasma treated
followed by spraying sPPO onto the mat to coat the fibers. The mat was then hydrated and hot
pressed to let the sprayed sPPO flow through the pores and densify the membrane. Although the
mechanical strength of the fabricated PEM was not surpass the commercial Nafion membrane, it
showed very low dimensional change during the hydration-dehydration cycles. They defined
“hydration yield factor” as the parameter which shows the endurance of the membrane that equals
to yield strain to linear swelling ratio. Since such ratio was almost 1 or higher for their composite
in comparison with Nafion (0.24), they concluded that the composite membranes were more
resilience to swelling and deswelling cycles. Although the proton conductivity of the composite
membranes was far less than for the Nafion, the resistivity to cross-over of methanol was
improved significantly which leads to having higher membrane selectivity (proton
conductivity/methanol permeability). The MEA test; however, revealed the poor performance of
the composite membrane fuel cell in comparison with Nafion membrane fuel cell. The authors
blamed the incompatibility between the catalyst layer and membrane interface, but the slop of I-V
curves in ohmic polarization region showed that the composite membrane might not work
satisfactory.
W. Jang et al [48] tried to make a composite membrane by electrospinning of PVDF. For the
proton conductive matrix, they used styrene monomer to fill the pores of the electrospun mat.
Afterwards, the polymerization process was triggered to synthesize the polystyrene (PS). The
matrix then sulfonated to achieve sulfonated polystyrene (SPS) which showed relatively good
proton conductivity. Although ion exchange capacity (IEC) and water uptake of the composite
membrane were higher than for the Nafion, the proton conductivity of the membranes with
different content of SPS was almost the same. Surprisingly, except for the membrane contained
15% SPS which showed similar performance to Nafion during MEA test, the composite
membrane exhibited far less performance than Nafion. The authors blamed the micro-voids
remained during the fabrication process for the poor performance.
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One of the most recent and innovative research in this field was done by M. Breitwieser et al [49].
They reported fabrication of 12μm composite membranes by using electrospinning and inject
printing method. They used electrospinning to deposit extremely thin PVDF-HFP mats on the
electrodes. Then the pores of the electrospun mats were filled by Nafion via inject printing. Since
the membranes were directly fabricated on the electrodes, no handling was required which was
able them to make extremely thin membranes (12μm). The cell performance was compared to the
fuel cell whose membrane was commercial composite Nafion (Nafion HP). It should be
mentioned that in both cases, the electrodes were identical, so just the membranes were different.
It was observed that in all tested situations, the fuel cell contained electrospun/inject printed
membrane showed higher power density especially at higher temperature and dryer conditions.
Based on the authors’ explanation, the lab fabricated membrane (12μm) was thinner than the
commercial one (20μm). Therefore, not only the resistivity of the cell decreased, but also the
higher back diffusion water of the thinner membrane facilitated the water management at higher
temperature and dryer atmosphere. The durability test (reduction of OCV under the harsh
condition) also revealed that the durability of the fabricated thin membrane was comparable with
other commercial thicker membranes such as NR-211 whose thickness is around (25 μm).

1.3.2 Composite membranes that consist of proton exchange fibers filled with
inert matrix:
In this method, the proton conductor polymer fibers are produced by electrospinning. Then the
pores are filled by an inert polymer. This strategy was developed based on the reports about
extraordinary proton conductivity of electrospun ionomers [44], [50], [51]. B. Dong et al were
reported that the proton conductivity of highly pure Nafion fibers can reach to 15 times higher
than for the bulk Nafion [50]. It should be mentioned that Nafion is not an electrospinnable
polymer due to lack of entanglement between its polymer chains [27]. Thus, for electrospinning
of Nafion it is usually required to add high concentration of a polymer carrier such as polyvinyl
alcohol (PVA), polyacrylic acid (PAA), or polyethylene oxide (PEO) to provide enough
entanglement between the molecules [52], [53]. On the other hand, addition of high concentration
of carriers to Nafion reduces its proton conductivity. To reduce the concentration of PEO on the
final fiber as low as possible, they used very high molecular weight of PEO (8,000,000 g/mol) as
the carrier. By applying this technique, they were able to examine the proton conductivity of
highly pure (99.9 wt%) single fiber of Nafion (1.5 S/cm) [50]. Similar results were also reported
for sulfonated polyimide (SPI) [54].
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Such observations motivated the researchers that if they embed electrospun ionomers in a high
strength polymer matrix, high strength membranes with excellent proton conductivity can be
fabricated. The ability to choose both thermoset and thermoplastic polymers as the matrix also
increase the attractiveness of this method [55], [56]. Additionally, some non PSFA proton
conductive polymers can be used as the proton conductive phase without any carrier because they
are electrospinnable inherently which make the process much more attractive [44].
Some researchers used the proton conductive matrix to embed the proton conductive fibers. By
applying this strategy they increased the proton conductivity of the final membrane remarkably.
For example T. Makinouchi et al [57] fabricated composite membranes by using electrospun
sulfonated polyimide (SPI) nanofibers as the reinforcement phase and Nafion as the matrix. It
should be mentioned that they had observed extraordinary proton conductivity in electrospun SPI
nanofibers (5.1 S/cm along the nanofiber axis). Therefore, both fibers and matrix showed
appropriate proton conductivity. Applying SPI into Nafion enhanced both tensile strength and
elastic modulus of the composite membrane significantly (almost twice) in comparison with the
casted Nafion membrane. It was observed that at high relative humidity (95% RH), the proton
conductivity of the composite membrane just slightly higher than for the casted membrane.
However, at low relative humidity (24% RH) the proton conductivity of the membrane
(1.02 ×10-2 S/cm) was superior remarkably in comparison with the casted Nafion membrane
(8.4 ×10-3 S/cm). They concluded that SPI nanofibers provided high proton conductive pathway
for the composite membrane. They also found out the composite membrane showed better
dimensional stability during hydration-dehydration cycles because of the nanofibers network
structure which prevent additional swelling of Nafion. The result for oxygen and water
permeability also revealed that the composite membrane had lower oxygen and higher water
crossover. While the former parameter guaranteed better open circuit voltage (OCV) for fuel cell,
the later meant better back diffusion water which improved the fuel cell performace in low
humidity condition.
One the other hand, some researchers cast doubt about the claim that electrospun ionomers shows
extraordinary proton conductivity. J. B. Ballengee and P. N. Pintauro [58] devised an experiment
to see which strategy can reach to better result: electrospun ionomer embedded in inert matrix or
electrospun inert fibers embedded in ionomer matrix. They electrospun Nafion fibers (ionomer)
and polyphenylsulfone (PPSU) fibers (inert) at the same time by two adjusted needle. Therefore,
mats which contained both inert and ionomer fibers were fabricated. Then, they applied two
different treatments on the mats to reach different composites. One of the mats experienced
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pressure and thermal annealing to form a membrane of Nafion which reinforced by PPSU fibers.
The other one, exposed to chloroform and pressure to obtain a membrane with Nafion fibers
embedded in PPSU matrix (Fig. 1.16). Their result revealed that both proton conductivity and
mechanical properties of the membrane just depended on the percentage of the components
instead of phase orientation. In other words, if the percentage of the polymer components is the
same, the proton conductivity and the mechanical properties of the membrane will be identical
regardless of the role (fiber or matrix) of each component. Therefore, based on their result,
electrospinning cannot improve the proton conductivity of the ionomer fibers.

Fig. 1.16: Producing two different types of composite PEM by applying different treatments on dual
electrospun fibers (PPSU and Nafion) [58].

Although it was not clear that the proton conductivity of ionomer did not improve by
electrospinning or it suppress because of the high temperature and pressure treatment, they found
this method as an effective strategy for fabrication of defect free membranes. While impregnation
method for filling the pores of the membrane is time-consuming process, by applying thermal or
solution treatment, a non-permeable composite membrane can be made easily [42], [59], [60]. In
their recent work [61], they used PVDF as the carrier of Nafion for electrospinning. Then by
utilizing pressure and heat treatment, the PVDF became melt and embedded the Nafion fibers.
Therefore, by just using one needle for electrospinning, a composite membrane was achieved
which was able to work on redox flow cells successfully.
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1.3.3. The pore-filling Challenge:
Although making composite PEM by electrospinning seemed very attractive due to enhancement
of durability, performance, and mechanical properties of membranes, filling the pores of an
electrospun mat is still an active challenge. Usually, filling of the electrospun mats’ pores has
been a challenging task because it is very hard that a viscose polymer flow and diffuse to all of
the pores. Viscose reduction of a polymer solution by using low concentration polymer (such as
5% Nafion solution or less) is an effective method for pore-filling process [62]. However, the
process should be repeated to make a non-permeable membrane. Also, it is possible to fill the
pores with a thermoset polymer and after completing the filling process, the cross-linking will be
triggered [55]. However, since the packing density of electrospun mats is usually low, it is not
easy to achieve high proton conductive membrane by this method. Additionally, if the surface of
the membrane covered by the inert polymer, it can reduce the proton conductivity significantly
[47]. Applying the first strategy (embed the electrospun inert polymer by a proton conductive
polymer) does not have these two drawbacks. However, the pore-filling is still a challenge
because the surface energy mismatch of the fibers and the matrix.
S-H Wang and H-L Lin [62] made electrospun mats from mixture of PVDF-HFP and PBI
polymer solution to support Nafion Matrix. They used PBI as an additive in PVDF-HFP to
enhance the interface interaction between the electrospun fibers and Nafion. The final membranes
were made by impregnation of the electrospun mat in low concentration Nafion solution for
several times. The contribution of the electrospun fibers in the final membrane was just 10wt%.
Their results showed that the proton conductivity of the membranes was reduced slightly by
adding the electrospun fibers to the membrane. They also found out the proton conductivity of the
membrane was reduced by increasing the concentration of PBI due to interaction of PBI with
Nafion functional group (-SO3H) which caused decreasing the number of free -SO3H groups.
However, the permeability of methanol was decreased around 200 times that enhance the
membrane selectivity extraordinary. They found that when the concentration of PBI was between
5 to 10 wt%, the membrane exhibited the highest selectivity. Due to the low thickness of the
composite membrane and little methanol cross-over, the maximum power density of the
composite membrane which contained 5 wt% PBI in its mat was almost twice for the casted
membrane and Nafion 212.
H. Y. Li and Y. L. Liu [63] suggested an innovative method to improve the interface coherency
for the impregnation process. They functionalized electrospun PVDF fibers with Nafion by a 3-
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step chemical reaction route (Fig. 1.17). The final product was PVDF nanofibers which anchor by
poly glycidylmethacrylate and maleimidobenzoic acid to Nafion which was coded as NafionCM1 after the impregnation process. They compared their results with plain electrospun PVDF
nanofiber impregnated by Nafion (Nafion CM2), recast Nafion (Nafion-RC), and commercial
Nafion (Nafion 212). Their result shows that functionalized Nafion-PVDF had stronger intraction
with the Nafion matrix which leaded to having superior mechanical properties.

Fig. 1.17: The schematic route for Nafion functionalized PVDF fibers to reduce the surface mismatch
between Nafion and the fibers during the pore-filling process [63].

Usually introducing the inert phase reduces proton conductivity of the membrane [62]. However,
in Nafion-CM1, the functionalized Nafion-PVDF provided the proton conducting channels in the
membrane which increased the proton conductivity of the membrane 2.4 folds the value for the
recast Nafion. Although the water uptake of the Nafion-CM1 was around 27% which was higher
than water uptake for Nafion-RC (22.7%), the through plan dimensional change for Nafion-CM1
(8.7±1%) was far less that the recast Nafion (44.1±1.7%). Additionally, in both Nafion-CM1
and Nafion-CM2 membranes crystalline cluster size was reduced which increase the tortuosity of
the membrane for diffusion of methanol. Therefore, the methanol crossover of the Nafion-CM1
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was less than Nafion 117 which has twice thickness of the composite membranes. This make the
composite membrane showed superior performance as the membrane of DMFC.
T. Tamura et al [44] used electrospinning to make fine fibers of sulfonated copolyimide. They
installed two electrodes behind the collector and connected them to a power supply to align the
nanofibers during the deposition process. For the impregnation process, a solution contained the
same polymer was applied to fill the space between the fibers. Based on their results, although the
fabricated composite showed almost the same proton conductivity in perpendicular direction to
the fibers, the proton conductivity in parallel direction of the nanofibers increased significantly
from 0.0836 S/cm (in case of the membrane without fibers) to 0.212 S/cm (in case of using 77nm
fibers) which even was higher than for the Nafion (0.191 S/cm). It was also observed that by
reduction of the nanofibers’ diameter in composite, the proton conductivity parallel to the fibers’
direction was increased significantly. Based on their explanation, the ionic channels in the fibers
made effective paths for transporting the protons that supported their previous findings [51].
S. Zhang et al [64] used the similar strategy to reduce the interface mismatch of electrospun fibers
and the matrix. They used enhanced sulfonated poly (phthalazinone ether sulfone ketone)
(SPPESK) as the conductive polymer for fabrication of the mat and matrix alike. By applying the
same material for the fibers and the matrix, they minimized the surface tension mismatch problem
and relatively dense membranes were made by pouring the matrix on the mat followed by
utilization the vacuum filtration to remove the residual solution. They realized that when the same
polymer with the same ion exchange capacity (IEC) was applied as the fiber and the filler, the
conductivity of the reinforcement membrane was higher (almost 1.3 times) than the casted
membrane due to channeling between the ionic domain in the membrane. They also examined the
swelling, proton conductivity, and mechanical properties of the obtained membrane when the IEC
of the matrix and the fibers were differed. They found that when the membrane fabricated from
high IEC fibers (2.01 mmol/g) and low IEC matrix (1.72 mmol/g), the combination of the high
proton conductivity (186.4mS/cm), low swelling ratio (30%) and reasonable tensile strength (12.6
MPa) could be achieved which is superior to the casted SPPESK membrane and commercial
Nafion 212 membrane.

1.4 Objective and outline of the thesis
Fabrication of electrospun fibers for PEM application is the target of the present study. To this
end, in chapter 2, it will be tried to produce electrospun inert fibers; namely, polysulfone (PSU),
poly vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP), and polyvinylidene fluoride
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(PVDF) and the electrospinning parameters will be tuned to eliminate the defects or at least
reduce them. Such electrospun fibers can be used as the reinforcement phase in PEM.
Chapter 3 is dedicated to electrospinning of Nafion, a well-known proton conductor polymer,
from the available commercial solutions. It will be tried to improve the morphology of the
electrospun Nafion mats by controlling the electrospinning parameters. The electrospun fibers
have potential to use in an inert matrix to make a composite PEM. They also can be installed in
the Nafion matrix to examine whether they can enhance the proton conductivity of the PEM as it
has been claimed.
In chapter 4, a novel method for reduction the surface energy mismatch between the inert fibers
and the proton conductor matrix will be introduced. In this part of the project, I will utilize
coaxial electrospinning to coat PVDF-HFP and PSU fibers with Nafion and produce core (PVDFHFP or PSU) – sheath (Nafion) fibers. Several electrospinning conditions will be tested to
minimise the defects of the fabricated mats. The produced mats have a greatly potential to apply
as the reinforcement of Nafion based PEMs by impregnation or casting process because the
surface tension mismatch between the fibers and the matrix will be reduced significantly.
Additionally, by applying pressure and heat treatment, the coated Nafion can flow among the
fibers to make PEMs without further time-consuming pore-filling process.
In the last chapter (chapter 5), the findings during this research will be summarized and some
recommendations for the future work will be proposed.
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CHAPTER 2
FABRICATION OF ELECTROSPUN INERT FIBERS FOR PROTON
EXCHANGE MEMBRANE APPLICATIONS

2.1 Introduction
Proton Proton Exchange Membrane Fuel Cell (PEMFC) is one of the proposed effective methods
to improve the energy conversion in vehicles due to their high efficiency and no hazardous
emission [1]. However, there are still several barriers, such as high production cost and low
durability, that need to be addressed for commercial development. Several deficiencies are rooted
in the perfomance of the membranes PEMFCs, which is why the improvement of these
membranes is a present focus of fuel cell related research [2].
The most broadly applied membrane materials are perflourosulfonic acids (PFSA), which show
high proton conductivity at a fully hydrated state. However, they suffer from a high price and low
dimensional stability during the starting up and shutting down of a PEMFC when the amount of
humidity is varied widely [2], [3]. To overcome this issue, the commercial membranes have
relatively high thickness (50-175μm) to show enough strength to overcome the changes in
dimensions. However, thicker membranes negatively impact the performance of the fuel cell due
to their decreased proton conductance [3].
One of the proposed methods for reducing the thickness of the membrane without decreasing the
durability of the fuel cell is to build a porous inert reinforcement into the membrane to limit its
expansion and contraction when its water content is changed. The inforcement porpous support
would also improve the mechanical properties of the membrane and is expected to reduce the
overall cost of production. The overall cost is likely reduced despite extra processing steps
because thinner membrane can be used effectively and the overall amount of required PFSA is
significantly reduced [2].
Among different methods for the fabrication of porous support layers, electrospinning attracts
great attention due to its ability to fabricate submicron fibers with different morphologies [4].
Typically, a high voltage power supply (usually in the kV range) connects to a collector and the
conductive needle of a syringe. The syringe is filled with a viscous liquid (a polymer solution or a
molten polymer) to charge it. At a certain critical voltage, the repulsive force of the charged
liquid offsets its surface tension and the liquid ejects from the nozzle to the collector. If the
polymer solution has enough entanglement, the ejected solution forms continius jet and the
process is called electrospinning; otherwise, the ejected solution turns into small droplets and the
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process is called electrospraying [5, 6]. Simplicity, ability to control morphology at different
levels makes this method attractive to researchers [4]. Moreover, the uniaxial alignment of
polymer chain fibers can improve the mechanical properties of the membrane [7]. Finally, the low
packing density of generated electrospun mats and their interconnected pore structure make them
excellent substrates for filling with other materials to fabricate a dense membrane.
Several polymers, such as polyvinylidene fluoride (PVDF), Poly vinylidene fluoride-cohexafluoropropylene (PVDF-HFP), polyvinyl alcohol (PVA), Polystyrene (PS), and polysulfone
(PSU) have been successfully electrospun as the porous support for proton exchange membranes
[7]. However, more investigations are required to improve the electrospinning condition of these
polymers for their application in a proton exchange membrane.
Reported here is the electrospinnig behaviour of PSU, PVDF-HFP, and PVDF in
dimethylformamide (DMF) or DMF-acetone mixtures and the effect of the electrospinning
parameters on the morphology of the produced mats. Specifically, adjutments of the acetone
content, flow rate, and voltage successfully suppressed the formation of macroscopic and
microscopic defects observed for not optimized spinning conditions.

2.2 Experimental procedure
N,N-Dimethylformamide (DMF, anhydrous, 99.8%), Polysulfone (PSU, average Mn ~22,000),
Poly vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP, average Mn ~130,000), and
polyvinylidene fluoride (PVDF, Mw ~ 534,00) were purchased from Sigma-Aldrich. Acetone
(ACS grade) was also provided from VWR. Solvents with different volume ratios of acetone in
DMF (0% to 60% depended on type of the polymer) were prepared and used for the preparation
of polymer solutions at a concentration of 15-25wt%. The mixtures were stirred via a magnet
stirrer for 6 hours to generate a homogeneous solution at room temperature. The solutions were
kept overnight at room temperature to ensure no phase separation occurs. Only solutions that
show no macroscopic phase separation were selected for electrospinning test.
Before electrospinning, the solution was stirred for 2 hours to homogenize again. A 5 cc plastic
syringe was filled bubble free and connected to a 22 gauge stainless steel blunt needle. The
syringe was loaded onto a syringe pump (KDS, Legato 200) to control the flow rate (0.2 to 1.5
mL/h). To charge up the solution for electropsinning, a power supply (ES50, Gamma high
voltage research) was connected to the needle and a grounded static steel plate covered by an
aluminum foil that served as the current collector. The current collector was placed 10 to 20 cm
from the needle tip and the applied voltage was varied between 10 kV and 30 kV. The applied
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voltage was usually selected based on the critical voltage for ejection of the fluid from the Taylor
cone (1 to 2 kV higher than the critical voltage), but in a few cases voltages 7 kV higher than the
critical voltage were also examined to stabilize the process and avoid the formation of unspun
droplets.
The electrospun samples were dried at 65 ºC overnight to remove any possible residual solvent
and then coated with gold by sputtering for the observation by SEM (Field Emission Scanning
Electron Microscope Quanta FEG 200).

2.3 Result and discussion
2.3.1 Elecertospinning of polysulfone
Before In our first experiments, pure DMF was used as the solvent for PSU. PSU showed
appropriate solubility in DMF and clear solutions were obtained easily by stirring at room
temperature. Electrospiining of these solutions was also straightforward and no cracking, film
formation, or peeling off was observed in the electrospun mats. However, the electrospun jet was
not stable and unspun droplets were frequently observed during the process, which leaded to the
formation of dotted patterns in the electrospun mats (Fig. 2.1-a). Although the problem was
supposed to be addressed by reducing the flow rate [8], it became worse in our hands (Fig. 2.1-b).
The microstructure of the electrospun mats also suffered from the formation of beads. Fig. 2.2
shows the microstructure of the fabricated mats when the distance between the needle’s tip and
the collector was 20 and 15 cm, respectively. Although the number of beads can be reduced
effectively by optimizing the tip collector distance (d), the formation of unspun droplets still
persisted. To address this issue, DMF-acetone mixtures were applied as the solvent for PSU to
reduce the surface tension of the solvent. If the surface tension is reduced, the beads problem can
be addressed effectively and the formation of unspun droplets will be reduced because the
electrospun jet will be more stable.
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(a)

(b)

Fig. 2.1: The PSU electrospun mat from DMF solution when the needle tip to collector distance was 15
cm: (a) flow rate = 0.5 mL/h (b) flow rate=0.2 mL/h.

(a)

(b)

Fig. 2.2: SEM images of the PSU electrospun fibers when DMF was applied as the solvent, the flow rate
was 0.5 mL/h, and the tip-collector distance (d) was varied: (a) d=20 cm (b) d=15 cm.

PSU did not show proper solubility in 60%DMF-40% acetone (by Vol.) mixture. The solution
was not clear and a macroscopic phase separation was observed after one day (a clear solution
was on top and a milky solution was in bottom). By increasing the percentage of DMF to 80%,
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the solubility improved remarkably. Although the prepared solution became milky again, no
macroscopic phase separation was observed even within a week.
By replacing the solvent from pure DMF to a mixture of 80% DMF and 20% acetone, some
differences were observed in the electrospinning process. Firstly, the critical voltage for the
Taylor cone formation was reduced significantly. The critical applied voltage for pure DMF was
around 29 kV when the needle tip collector distance was 15 cm while this value for a 4:1
DMF/acetone mixture was just 8 kV. Since in many mathematical models the critical voltage
mostly depends on the surface tension (among other solution parameters such as viscosity and
conductivity) [6], reduction of the surface tension by the addition of acetone seemed to play an
important role in the reduction of the critical voltage.

(a)

(b)

Fig. 2.3: The SEM images of PSU electrospun fibers when 80% DMF-20% acetone was used as the
solvent, the applied voltage was 10kV and d=15cm: (a) flow rate=1.2 mL/h, (b) flow rate=0.2 mL/h.

Addition of acetone also affected the microstructure of the electrospun mats. The beads were
almost removed in the microstructure due to reduction of the surface tension of the solution (Fig.
2.3-a). It should be mentioned that the driving force for the bead formation is the high surface
energy of the electrspun fibers during the electrospinning process [9]. Therefore, reduction of the
surface energy can address this problem significantly.
Additionally, the electrospun jet became more stable when acetone was added to the solution. It
was reported that the jet become more stable when the surface tension of the solution was reduced
[9]. The unspun droplets were still persistence, but the number of them was cut down effectively.
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To diminish this problem totally other electrospinning parameters should be tuned. Reduction of
the flow rate is one of the effective strategies that has been recommended to address the
formation of unspun droplets [8]. However, similar to the case of using pure DMF, reduction of
the flow rate to 0.2 mL/h was not only unable to improve the stability of the electrospun jet, but
made it less stable. This generated more unspun droplets and more beads appeared in the
microstructures (Fig. 2.3-b).

Fig. 2.4: The PSU electrospun mat from 80% DMF-20% acetone solvent when the applied voltage was
14 kV, flow rate was 1.5 mL/h and d=15cm.

Surprisingly, the higher flow rate (1.5mL/h) remarkably improved the stability of the jet. To
achieve a fully stable jet and completely avoid the formation of unspun droplets, the applied
voltage was increased to 14 kV. Only under this condition we were able to fully suppress the
formation of unspun droplets and avoid the formation of dotted pattern of (Fig. 2.4). Fig. 2.5
illustrates the microstructures of the electrospun mats when the needle tip collector distance (d)
was varied from 10 to 20 cm and the mentioned adjustment on the flow rate and the voltage were
applied. The microstructures of the electrospun mats for d = 15 cm or 20cm were almost the
same, although very few beads can be spotted for d = 20 cm. The beads were diminished when d
= 15 cm. However, by reduction of d to 10 cm, the surface of the fibers became rough and some
particles-like structure were formed, which had different structure from the electrospun fibers
(Fig. 2.5-c and Fig. 2. 6). Therefore, when 80%DMF-20%acetone was used for the solvent, the
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flow rate was 1.5 mL/h, the applied voltage was tuned to 14 kV and the tip-collector distance was
15 cm defect-free electrospum mats were produced.

(a)

(b)

(c)
Fig. 2.5: The SEM micrograph of the PSU electrospun fibers when 80% DMF-20% acetone solvent when
the applied voltage was 14 kV, flow rate was 1.5 mL/h: (a) d=20 cm, (b) d=15 cm, (c) d=10 cm.
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Fig. 2.6: The SEM image of particle-like defect in electrospun PSU fibers when 80% DMF-20% acetone
solvent when the applied voltage was 14 kV, flow rate was 1.5 mL/h and d=10 cm.

2.3.2 Elecertospinning of PVDF-HFP
Unlike PSU, PVDF-HFP was easily dissolved in 60% DMF-40% acetone mixture and a clear
solution was obtained. The electrospun jet was highly stable and no trace of unspun droplets was
spotted during the electrospinning process. Fig. 2.7 shows the SEM images of the electrospun
mats when tip-collector distance (d) was varied from 10 to 20 cm and the flow rate was changed
from 0.2 to 1.2 mL/h. The applied voltage (v) was fixed to 10 kV when d was 10-15cm.
However, when the tip-collector distance was increased to 20cm the electrospun jet did not have
enough kinetic energy to reach the collector completely. Therefore, the applied voltage was rose
to 15kV to enhance the flight distance of the jet. As it can be seen in the SEM images, for most
cases, very uniform and defect free fibers were produced. Just, when the flow rate was 0.2 mL/h
and d was 20 cm, some non-uniformity and trace of bead formation was observed (Fig. 2.7-e).
Compare to PSU, the mats shows narrower size distribution too. It is clearly observable that the
packing density of the mat became increase when tip-collector distance was reduced or when the
flow rate was increased.
Remaining some residual solvent in as just deposited fibers is a possible explanation for this
phenomenon. Based on this explanation, the charged wet fibers contains less charge when they
touch the collector or the deposited fibers because of the easier charge transfer in the remaining
solvent. Therefore, the neutral fibers not only did not repel each other similar to the heavily
charged fibers, but also attract to the already deposited fibers due to Van der Waals force which
leaded to increasing the packing density. Also, the remaining solvent could dissolve the former
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deposited fibers and attach them together and again enhance the compactness. By increasing the
flow rate or decreasing the tip-collector distance (d), the residual solvent in the fibers was
increased which caused a rise in compactness of the electrospun mats based on the proposed
mechanism.

Additionally, by increasing the tip-collector distance the size of the mat was

increased while the amount of the polymer which reached to the collector almost became
constant. If the thickness of the mat was not decreased very significantly because of repealing the
deposited fibers by the residual charges, the density of the mat would reduce spontaneously.

(a)

(b)

(c)

(d)
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(e)

(f)

Fig. 2.7: The SEM micrograph of the PVDF-HFP electrospun fibers under different flow rates (F) and tipcollector distance (d): (a) . F=0.2mL/h, d=10cm, (b) F=1.2mL/h, d=10cm, (c) F=0.2mL/h, d=15cm, (d)
F=1.2mL/h, d=15cm (e) F=0.2mL/h, d=20cm, (f) F=1.2mL/h, d=20cm. Note: When d=10 to 15cm, the
applied voltage was 10kV (a-d). By increasing the tip-collector distance to 20cm the applied voltage was
increased to 15kV to provide enough kinetic energy for the jet to reach to the collector (e and f).

It should be mention that when the flow rate was 0.2mL/h and d was 15 cm, a few particle-like
defects were spotted in the microstructure (Fig. 2.8). Although they are very resemble to the ones
that was spotted in PSU (when flow rate=1.5 mL/h and d=10), the size of such defects were larger
and their density was extremely lower. The reason of producing such particles are not clear for
the authors yet.

Fig. 2.8: The SEM image of particle-like defect in electrospun PVDF-HFP fibers when the tip-collector
distance was 15 cm and the flow rate was 0.2 mL/h
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2.3.3 Electrospinning of PVDF
Electrospinning of PVDF was not as straightforward as PVDF-HFP and PSU. The produced mats
were almost always suffered from over-wetting during electrospinning which leaded to film
formation and crack formations of the mats (Fig.2.9).

(a)

(b)

(c)

(d)

Fig. 2.9: The electrospun PVDF mat that was formed under following conditions: polymer
concentration=25%, flow rate=1.2mL/h, tip-collector distance=15cm, applied voltage=25kV, and spinning
time=15min (a) The mat a few minutes after the electrospinning process, (b) The mat after two hours
drying under room temperature, (c) and (d) The SEM micrographs of the dried electrospun mat.

48

Introducing acetone to the solution was tested to reduce the vapor pressure of the solution and
prevent film formation. Solutions with 60%Acetone-40%DMF and 50% Acetone-50%DMF
which contained 20wt% PVDF were examined. Both of the mentioned solutions suffered from
high viscosity which leaded to clogging (skin formation) during the electrospinning of the
solutions and interrupt the process (Fig. 2.10).

Fig. 2.10: The skin like formation during electrospinning PVDF solution when 60%Acetone-40%DMF was
applied as the solvent.

Fig. 2.11: The formed mat from PVDF solution when 60%Acetone-40%DMF was applied as the solvent.

49

The formed mats were still had the over-wetting problem and crack were formed after drying or
even sometimes during the process. Reduction of the flow rate also did not an effective strategy
to improve the result (Fig.2.11). Also, the clogging issue became severe by reduction of the flow
rate.
On the contrary, 60% DMF-40% Acetone mixture was better solvent for electrospinning of
PVDF. The viscosity of the solution was not too high and no clogging was occurred during the
electrospinning process. The jet seemed to be fully stable and almost no unspun droplet was
observed during the process. When the flow rate was high (1.2mL/h), the formed mat was still
suffered from over wetting and some cracks were developed after drying. Fortunately, when the
flow rate was reduced to 0.2mL/h, the over-wetting problem seemed to be addressed and a mat
with few cracks was formed (Fig. 2.12).

Fig. 2.12: The electrospun mat from PVDF solution when 40%Acetone-60%DMF was use as the solvent:
(a) Flow rate = 1.2mL/h, (b) Flow rate = 0.2mL/h.

However, the microstructure of the mat was suffered from wide range fiber size distribution,
branching and beads formation (Fig. 2.13). Sometimes branching occurred at beads site which is
very rare because the reason of the branching is high charge accumulation on the jet and the
reason of beads formation is lacking charge density [10]. Such strange result was confusing to
find further strategy for improvement the microstructure. It is recommended to examine different
solvent such as Dimethylacetamide (DMAc) and Tetrahydrofuran (THF), or try PVDF with
different molecular weight to improve the microstructure.
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Fig. 2.13: SEM micrograph of PVDF mat when 40%Acetone-60%DMF was use as the solvent and the
flow rate was 0.2mL/h.

2.3.3.1 Over-Wetting Challenge
Over-wetting was not a problem in electrospinning of PVDF-HFP and PSU. The benefit of
adding acetone to DMF for electrospinning of PVDF-HFP and PSU was was jet stabilizing and
reducing the surface tension of the solution to prevent beads formation. However, for PVDF the
main reason of adding acetone was increasing the volatility of the solution and preventing of
over-wetting. Since the solvents for PVDF-HFP and PSU were similar the solvent for PVDF
(sometimes the solvent for PVDF was more volatile than the solvent for PVDF-HFP), a question
would be arise about the reason of over-wetting of the PVDF electrospun mats. It seemed the
answer has roots on the size of the mats.
The formed mats of both PSU and PVDF-HFP were relatively large while the size of the PVDF
mats was far smaller (Fig. 2.14). It means that the electrospun jet of PVDF-HFP and PSU
experience much more bending instabilities which means they had to pass the longer path to
reach to the collector. Therefore, jet had more time to dry and solidify before stopping by the
collector. Since the bending stabilities is mostly governed by the charge density and the
viscoelcstice properties of the semi-solid jet, it seemed to be essential to change the type of the
solution or the molecular weight of the polymer to overcome the over-wetting challenge.
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(a)

(b)

(c)

Fig. 2.14: The electrospun mats of different polymers when the flow rate was 1.2 mL/h and tip-collector
distance was 15 cm: (a) PVDF-HFP (b) PSU (c) PVDF

2.4 Conclusion
In this research, the electrospinning behavior of three polymers; namely, PSU, PVDF-HFP, and
PVDF was investigated. Defect-free electrospun PSU was obtained from DMF-acetone mixture
(DMF/acetone 4:1 by Vol.) when the collector-tip distance, the applied voltage, and the flow rate
were optimized to 15 cm, 1.5mL/h and 14 kV, respectively. Deviation from the mentioned
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condition usually caused formation of beads on the fibers or dotted pattern on the mat due to
instability of the electrospun jet and ejection of the unspun droplets.
Safe and narrow size distributed PVDF-HFP electrospun fibers were produced when DMFacetone mixture (DMF/acetone 3:2 by Vol.) was applied as the solvnet. The window for
electrospinning was much wider than PSU and except for one case (flow rate = 0.2mL/h and tipcollector distance = 20 cm) variation of flow rate (0.2 and 1.2 mL/h) as well as tip-collector
distance (10, 15, 20 cm) did not make any defect. It was observed packing density of the fibers
was influenced by changing the above-mentioned parameters in the way that by increasing the
tip-collector distance and reduction of the flow rate, the packing density was decreased.
On the other hand, electrospinning of PVDF was not successful when DMF or DMF-acetone
mixture was applied as the solvent mostly due to over-wetting of the mat which leads to film
formation. By carefully adjustment of DMF/acetone ratio to 3/2, the flow rate to 0.2mL/h, and the
tip collector distance to 15 cm, a fibrous mat was produced, but is suffered heavily form bead
formation and branched structure. It is appear the grade of the polymer or the solvent type should
be changed to achieve defect free electrospun mat.
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CHAPTER 3
ELECTROSPINNING OF NAFION

3.1 Introduction
Electrospun proton conductor polymers, such as Nafion, have been very appealing for the
researchers because of their extraordinary proton conductivity [1-4]. For example, B. Dong et al
reported that proton conductivity of the electrospun Nafion fibers could reach to 15 times higher
than for the bulk Nafion [2]. Similar observation also has been reported for sulfonated polyimide
(SPI) [5]. Therefore, if they can apply into a proton exchange membrane, the will have a potential
to enhance the proton conductivity of the membrane, effectively.
One of the major challenges for electrospinning of the proton condcutiong polymers based on
perfluorosulfonic acids such as Nafion is lack of entanglement between the polymer chains in the
solution which leads to making them non-electrospinnable [2], [6]. To tackle this issue, polymer
additives such as poly vinyl alcohol (PVA) [7], poly acrylic acid (PAA) [6], and polyethylene
oxide (PEO) [8], [9] have been introducing to Nafion solution to act as the carrier and make them
electrospinnable. The drawback of this method is remaining the carrier in the final fibers which
reduces the proton conductivity . Therefore, very high molecular weight polymers have been tried
by the researchers to minimize the required amount of the polymer for electrospinning [2].
Another problem is the solution preparation for electrospinning. Usually, for the solution
preparation, the commercial Nafion solution was dried and then the dried Nafion was re-dissolve
in a new solvent (e.g.: [8], [10]). Tailoring the solution properties by controlling the solvent
parameters (type concentration, and ratio of each part when the solvent mixture is applied) is the
main advantage of this method. Also, it is easier to interpret the obtained result because in the
commercial solution, all chemical ingredients are not clarified. However, since the evaporation
and re-dissolving process increase the cost and the production time, it is not very practical to use
this method for the large scale production. If just by dissolving the carrier in the commercial
Nafion solution, it becomes electrospinnable, the process will be much more appealing for the
large scale production. Unfortunately very few works have been published that they used the
commercial Nafion solution directly [11].
In the present study, it will be tried to use directly two of available commercial Nafion solutions
(D520 and D2020 which contain 5 wt% and 20 wt% Nafion, respectively) and by adding PEO to
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the solutions and make them electrospinnable. Furthermore, the effect of flow rate and ambient
atmosphere on the electrospun fibers will be investigated.

3.2 Experimental procedure:
3.2.1 Materials
Nafion solutions with 5 wt% (D520) and 20 wt% (D2020) concentration and 1000 EW, were
purchased from Chemours (DuPont) company. Also, two different polyethylene oxide (PEO)
powders, with different molecular weight (Mv ~ 400,000, and Mv ~ 900,000) which were labeled
low molecular weight polyethylene oxide (LMWPEO) and high molecular weight polyethylene
oxide (HMWPEO) during this report were provided form Sigma-Aldrich.

3.2.2 Solution preparation
Usually, for the low concentration Nafion solution preparation, 0.5 wt% HMWPEO was added as
the carrier to 5wt% (as purchased D520) to make Nafion solution electrospinable (final
solution:HMWPEO = 100:0.5). For, high concentration Nafion solution (as purchased D2020
which contained 20wt% Nafion), LMWPEO was introduced to the solution in the way that PEO
consist 1wt% of the whole polymer content (PEO: Polymer content = 1:100 or PEO: final
solution ≈ 0.2:100). The mixtures were stirred 12 to 24 hours to dissolve the PEO completely
and homogenous solutions were provided. It is noteworthy that usually the above-mentioned type
and ratio between the solution and carrier were applied for the experiments, but in rare cases the
concentration of PEO was reached to 6% (PEO: Polymer content = 6:100) and sometimes
HMWPEO was applied for D2020.

3.2.3 Electrospinning
A 5 cc plastic syringe was filled bubble free and connected to a 22 gauge stainless steel blunt
needle. The syringe was loaded onto a syringe pump (KDS, Legato 200) to control the flow rate
(0.2 to 1.2 mL/h). To charge up the solution for electropsinning, a power supply (ES50, Gamma
high voltage research) was connected to the needle and a grounded static steel plate covered by an
aluminum foil that served as the current collector. The current collector was fixed at 15 cm from
the needle tip and the applied voltage was varied between 12 to 20 kV.
Two different atmospheres were examined in the experiments: normal atmosphere and
Nitrogen atmosphere. For the normal atmosphere the door of the chamber was opened, so its
atmosphere can be considered as the ambient atmosphere. For the Nitrogen atmosphere condition,
the Nitrogen gas filled the chamber before the process and the Nitrogen kept flowing during the
process at very low flow rate in the way that it did not disturb the process.
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3.2.4 Characterization
Mostly, the central part of the electrospun mats was selected for the scanning electron
microscope (SEM) investigations, but in some cases samples from the lateral part of the mat were
also prepared for SEM investigation to examine the effect of sample selection on the morphology
of the samples. A sputter coated machine (Q150 RS, Quorum) was used to coat the samples with
gold and make them conductive. The samples were examined by Field Emission Scanning
Electron Microscope (FEG 200, Quanta) under high vacuum condition and 13.5 kV applied
voltage.

3.3 Result and discussion:
3.3.1 Electrospray of Nafion solution
Electrospinning of Nafion without any carrier such as PEO was not successful. Lack of
entanglement between the polymer molecules caused the Nafion spayed, instead of spinning
when the high voltage was applied [13]. Fig. 3.1 shows the SEM micrograph of the electrospun
Nafion (or rather electrosprayed Nafion) when D2020 (commercial 20wt% Nafion solution) was
used. No fiber was produced during the process; instead, a lot of spherical beads from submicron
to several microns were formed. It was not a surprising result and many researchers were
mentioned that electrospinning of pure Nafion was not possible [12]. For this reason, polymer
additives such as PEO, PAA, and PVA have been examined as the carrier of Nafion to make it
electrospinnable [6-9]. This is the reason that we use PEO for the rest of our Nafion
electrspinning experiments. It is noteworthy to mention that Nafion is very sensitive to the
electron beam. Long time working on an area can damage the Nafion structure that can be seen in
Fig 3.1-b. This is a handicap to provide high quality images of Nafion microstructure.
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(a)

(b)

Fig. 3.1: The SEM images of electrosprayed Nafion when no PEO was added to the Nafion solution
(D20202), (a) The image of the Nafion sphere by short time electron beam exposure (b) The damaged
structure after relatively long time beam exposure.

3.3.2 Fluffy mat formation
Fabrication of relatively defect free mat; however, was not a straight forward task. The main
problem was forming three dimensional fluffy mats, instead of producing usual two dimensional
mats. At the initial stage of electrospinning, branching of the fibers was observed. The formed
mat was touched the collector for a few second and then the electrospun fibers was suspended
between the collector and the needle (Fig. 3.2). This phenomenon became more serious when
higher concentration of Nafion was applied (D2020, which contains 20 wt% Nafion).
Additionally, it was observed that when the concentration of PEO is too high and HMWPEO was
applied for D2020, very large fibers were formed and the bending instabilities during
electrospinning became reduced significantly (Fig. 3.3). The fluffy structure was a little improved
when the low concentration Nafion solution was used (D520, which contains 5wt% Nafion), but
the problem was still persist (Fig. 3.4).
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Fig. 3.2: Fluffy mat formation during electrospinning of 20wt% Nafion solution (D2020) which contained
1% LMWPEO (with respect to the polymer content) as the carrier.

Fig. 3.3: The fluffy electrospun mat from 20wt% Nafion solution (D2020) which contained 6% HMWPEO
(with respect to the polymer content) as the carrier.

Fig. 3.4: The fluffy electrospun mat from 5wt% Nafion solution (D520) which contained 1.4% HMWPEO
(with respect to the solution) as the carrier.

The microstructure of the electrospun mat was also suffered from a lot extraordinary large beads
(Fig. 3.5). As it can be seen easily, extremely large spherical beads was formed on the mat whose
size sometimes reach to more than 100μm (Fig. 3.5-b). Three explanations for their formation can
be considered: low carrier concentration, unspun droplets, and over-wetting. It has been reported
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(a)

(b)

(c)

(d)

(e)
Fig. 3.5: (a-d) The SEM micrograph of the electrospun mat from 5% Nafion solution (D520) which
contained 0.5% HMWPEO (with respect to the solution) as the carrier (a) Low magnification image (b)
High magnification image from the large beads (c) Image of the formed fibers (d) Image of a bead in the
fiber (e) The image of the mat that was taken by a normal digital camera.
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for electrospinning of Nafion/PVDF when the concentration of PVDF was too small spherical
structure was appeared [13]. However, the reported size was usually very small (around 2-3μm).
Although it is rational to explain the small beads like what was illustrated it Fig. 3.5-d by this
theory, for the large beads (Fig. 3.5-b) it will be failed. On the other hand, the unspun droplets
can explain the source of the large beads. If the jet is not very stable during electrospinning,
sometimes droplets will be ejected from the jet and reach to the mat by the applied electrical field
and formed large beads on the mat [14],[15].
Another explanation for this phenomenon is over-wetting to the mat. During the electrospinning
the mat was too wet and the surface charge was reduced due to high ionic conductivity in the
Nafion. Therefore, the mat started to merge together and formed spherical large beads. Since the
mat was suspended between the needle and the collector, the beads were not constrained by the
collector. Therefore, the fibers can easily merged together without producing a lot of shrinkage
stress and provided extraordinary large beads.
The formation of fluffy mat has root on the high relative humidity of ambient which is a critical
factor for electrospinning of ionomers such as Nafion [16]. At high relative humidity condition,
the electrospun fibers cannot dry completely before reaching to the collector. The highly acidic
nature of the Nafion makes it highly ionic conductive under wet condition. At the initial stage of
electrospinning process, the pioneer fibers reach to the collector, become neutral due to highly
conductivity of the fibers and deposit on it. Then the new arrival fibers prefer to deposit on the
pioneer fiber because they a little closer to the needle than the collector. As a result, the mat
grows to the needle tip instead of growing to the lateral sides and a three dimensional fluffy
structure is formed [17].
In order to prevent the fluffy structure, the electrospinning was done under the Nitrogen
atmosphere to reduce the humidity of the electrospinning chamber effectively. The result was
forming 2D flat structure mats and by passing the time no trace of the 3D structure was revealed.
Just, at the middle of the formed mat a rough structure was detectable (Fig. 3.6) that is called
micro-hills by the author.
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Fig. 3.6: The image of electrospun Nafion mat that was formed under Nitrogen atmosphere. The other
electrspinning parameter are listed here: The solution was 20wt% Nafion solution (D2020) which contained
1% LMWPEO (with respect to the polymer content) as the carrier, flow rate=1.2mL/h, applied
voltage=20kV, tip-collector distance=15cm, spinning time=15min.

3.3.3 Micro-hills
Fig. 3.7 shows the SEM images of a micro-hill on the central part of the electrospun mat. At low
magnification it sounds that the micro-hill is the center of the radial deposited fibers. This means
that the bending instabilities were limited to the area around the micro-hill. Since the micro-hill
were small it can be very odd feature. Large particles also can be detected on the micro-hill (Fig.
3.7-b and c). At first glance such particles can be arisen from unspun droplets. However, the trace
of unspun droplets usually larger than the particles that can be seen in this images [14].
One possible explanation is over-wetting the middle part of the mat. Based on this explanation,
although the nitrogen atmosphere helps to dry the formed mat, it seemed the central part is not
dry enough. Therefore, the deposited fibers sometimes prefer to accumulate on the specific areas
and produce the micro-hill. Based on this explanation micro-hills are micro-scale of the fluffy
structure. Similarity of the micro-hill features in Fig. 3.7 with what had been observed from
electrospinning of Nafion in humid atmosphere (Fig. 3.4 for example) supports this idea. By
applying this theory, it can be explain why the micro-hills in the lateral parts of the mat was
scared and did not have particles in them (Fig. 3.8). The fibers on the lateral side of the mat
experience more bending instabilities, which leaded to formed drier fibers when they reach to the
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collector. Therefore, they have less potential for micro-hill formation and when it was formed,
almost few fibers were merged which prevented particles formation inside the micro-hill.

(a)

(b)

(c)
Fig. 3.7: The SEM images of a micro-hill on the central part of the electrospun mat that is illustrated in Fig.
3.6: (a) At low magnification, (b) At higher magnification (c) The backscattered electrons (BSE) image.
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(a)

(b)

(c)
Fig. 3.8: The SEM images of the lateral part of the electrospun mat that is described in Fig. 3.6: (a) Low
magnification image, (b) Image of a micro-hill (c) Image of the micro-hill with higher magnification

Also, by reduction of the flow rate to 0.2mL/h, the particles became disappear in the formed
micro-hills (Fig. 3.9). When the flow rate was decreased, the smaller amount of the solution
eject during electrospinning which have more change to dry during flying to the collector.
Therefore, based on the above-mentioned explanation, they have less chance to merge
together and form particles inside the micro-hills.
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(a)

(b)

Fig. 3.9: The SEM images of a micro-hill on the central part of the electrospun mat when solution was
20wt% Nafion solution (D2020) which contained 1% LMWPEO (with respect to the polymer content) as
the carrier and the flow rate was 0.2mL/h: (a) The secondary electrons (SE) image (b) The back-scattered
(BSE) image.

By decreasing the Nafion concentration of the solution to 5% the micro-hills become solid and
almost loss their fibrous structure (Fig. 3.10). Increasing the solvent content of the solution
caused that the jet was almost wet when it reached the collector. Therefore, based on the abovementioned explanation, the micro-hills became solidify because the humidity in such area was
higher than the other part of the mat. In contrast, the density of micro-hills became reduced when
the concentration of Nafion in the solution was reduced. As it was mentioned before,
electrospinning under normal atmosphere revealed that the fluffy structure was a little improved
when the low concentration Nafion was applied. Since the conductivity of the solution reduces
when the concentration of Nafion decreases, the potential for fluffy structure became reduced, too.
Based on the proposed explanation, the micro-hills were formed as the micro-fluffy structure on
the places that wetter than the other parts of the mat. Therefore, if the solution has less potential
for fluffy structure, fewer micro-hills will be formed, too.
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(a)

(b)

Fig. 3.10: The SEM image of a micro-hills on the central part of the electrospun mat when solution was
5wt% Nafion solution (D520) which contained 0.5% HMWPEO (with respect to the solution) as the carrier
and the flow rate was 0.2mL/h: (a) the image of micro-hills at low magnification (b) the image of one of the
micro-hills at higher magnification.

Although the density of micro-hills was reduced, a new semi-circular defect became appear in the
microstructure when low concentration of Nafion was applied. The circular defects are called
micro-spots by the author.

3.3.4 Micro-spots
Large circular defects can be detected in the SEM images of electrospun Nafion when low
concentration solution was applied. The origin of this defect is not clear for the author, but one of
the most rational possible explanations for this phenomenon is spraying unspun Nafion to the mat.
When the flow rate do not match with the ejected electrospun jet from the needle tip, some
unspun droplet can be formed and reach to the mat [14], [15]. Although we did not observe any
unspun droplet during the experiment, they may very small to see by the naked eye and they
might not happen very often. When they hit the mat because they still had a certain amount of
residual solvent, they could deform easily, flow among the fibers, merge the fibers together and
form the spot-like defects or micro-spots. This theory; however, cannot easily explain why the
trace of the unspun droplets cannot be observed on the lower part of the mat (the bottom). It
should be mentioned since the droplets were heavier than the fibers, they cannot fly as far as the
fibers and usually they reach to the lower side of the mat while for this case it sound they are
uniform. This can be answered by the size of the droplets. The unspun droplets here were very
small in their original spherical form and then they spread to large circles but for the normal
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unspun droplets (for instance PSU) [14], the size of them can reach to several hundreds of
microns and did not spread when they reach to the target. Therefore for the Nafion case, they
have more chance to fly with enough energy to distribute the collector almost uniformly.
Increasing the density and the size of the micro-spots when the flow rate rose from 0.2 to
1.2mL/h, also supports the above-mentioned explanation (Fig. 3.10-a and Fig. 3.11). Based, on
the mentioned explanation, when the flow rate was too much, the accumulated solution on the
needle tip could not ejected as the electrospun jet and some of them was separated from the
needle tip as unspun droplets. This phenomenon (forming unspun droplets when the flow rate is
too much) has been reported before [15].

(a)

(b)

Fig. 3.11: The SEM micrographes of the electrospun mat (the central part) when solution was 5wt%
Nafion solution (D520) which contained 0.5% HMWPEO (with respect to the solution) as the carrier and
the flow rate was 1.2mL/h: (a) Low magnification SEM image, (b) and (c) Higher magnification of a
micro-hill.
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(c)
Fig. 3.11: (Continue)

Reduction of the Nafion concentration also increased the potential for unspun droplets because
less entanglement between the polymer molecules could be taken place. If the polymer molecules
cannot entangle together properly, they will be ejected a small droplets instead of fibers similar to
the situation when no PEO was added to the Nafion (Fig. 3.1).

3.3.5 Microstructure of the electrospun Nafion Fibers
Fig. 3.12 represents the SEM micrograph of the electrospun from 5% Nafion solution under
normal atmosphere. Although the mat has three dimensional fluffy structure and extremely large
beads was formed in the mat (Fig. 3.5), the fibers mostly have circular cross section and no
special defect can be detected in the fibers. Electrospinning of under nitrogen atmosphere
enhanced the macrostructure of the electrospun mat and prevent formation of the fluffy structure.
However, the microstructure of the fibers was sometimes negatively impact due to the fast drying
under the nitrogen atmosphere.

68

Fig. 3.12: SEM micrograph of the electrospun mat from 5% Nafion solution (D520) which contained 0.5%
HMWPEO (with respect to the solution) as the carrier under the normal atmosphere.

Fig. 3.13-a shows the microstructure of the fibers from the central part of the mat when low
concnetration solution was applied and electrospinnig was done under the nitrogen atmosphere.
As it can be seen easily, this part of the mat suffered from the over-wetting which caused merging
of the fibers. The low concentration of the Nafion caused remaining a lot of residual solvent in
the fibers and they merged together during the drying process. Also, some of the fibers had
ribbon structure which means that the outer surface dried very rapidly under the nitrogen
atmosphere. In normal condition electrospun fibers dries homogeneously; therefore, they shrink
from outer surface to the central part of the fiber and formed circular cross-section fibers. On
contrary, in fast drying condition, the surface of the formed fibers becomes solid before the
residual solvent diffuses through the solidified skin. When the drying is completed the hollow
fibers were created which collapse and form the ribbons fibers (Fig. 3.14) [18]. As a result, the
dried nitrogen atmosphere acted as a double edge sword. While it reduced the humidity and
prevent to form fluffy structure, the outer surface of the fibers also dried very fast which promote
the ribbon formation.
Fig. 3.13-b shows the microstructure of the side part of the mat. By comparison Fig. 3.13-a with
Fig. 3.13-b, it can easily observe that the merging problem was reduce effectively. Since the
fibers that reach to the side part of the mat experience more bending instabilities and have more
time to dry, fewer merging structures were taken placed. The ribbon structure; however, still
persistence in the side part because they have roots in the drying mechanism which did not
change for both parts of the mat.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3.13: The microstructure of the electrospun Nafion fibers under nitrogen atmosphere: (a) The central
part of the mat when the concentration of the solution was 5% and the flow rate was 0.2mL/h, (b) The
lateral part of the mentioned mat, (c) The central part of the mat when the concentration of the solution was
20% and the flow rate was 1.2mL/h, (d) The lateral part of the previous mat, (e) The central part of the mat
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when the concentration of the solution was 20% and the flow rate was 0.2mL/h, (f) The lateral part of the
previous mat (continued).

Fig. 3.13-c and d shows the electrospun texture of the middle and lateral part of the formed mat
when the concentration of Nafion rose to 20wt% and the flow rate increased to 1.2mL/h. In
comparison with the represented microstructure in Fig. 3.13-a almost no merging can be
observed. This could be due to lower solvent content of the jet that helped it to become drier
when it deposited on the collector. However, the density of ribbon fibers did not change
significantly.

Reduction of the flow rate from 1.2 to 0.2 mL/h, improved the quality of the fibers dramatically.
As it can be seen in Fig. 3.13-e and f, no merged structure can be detected and very fewer ribbons
were formed. Ejecting less polymer solution, increased the chance of drying homogeneously,
which led to reduction ribbon formation.

Fig. 3.14: Mechanism of ribbon fiber formation [19]

3.4 Conclusion
The possibility of producing electrospun Nafion by adding PEO carrier to two commercially
available solutions (D520 and D2020) was the target of the study. The electrospinning process
was not successful under normal atmosphere due to its high humidity which leaded to 3D fluffy
structure formation, instead of 2D mat. By performing the electrospinning process under the
Nitrogen atmosphere, the 2D mats were obtained because of increasing the drying speed of the
electrospun jet. Although beads-free fibers were obtained from both solutions, defects such as
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merged structure, ribbon-like structure, micro-hills and micro-spots were appeared in the formed
mats. By using high concentration Nafion solution (D2020) and applying low flow rate (0.2
mL/h), the mentioned defects were removed or minimized which made the electrospun mat
acceptable for PEM applications.
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CHAPTER 4
COAXIAL ELECTROSPINNING OF NAFION-INERT FIBERS FOR PROTON
EXCHANGE MEMBRANE APPLICATION

4.1 Introduction
Proton exchange membrane (PEM) is the core element for some the important electrochemical
energy conversion devices such as proton exchange membrane fuel cell (PEMFC), direct
methanol fuel cell (DMFC) [1], microbial fuel cell [2], and redox flow batteries [3]. One of the
most conventional materials for PEM is Nafion which enjoys high proton conductivity (0.1 S/cm)
and high chemical durability under harsh oxidation conditions. However, it suffers from high
swelling ratio which can reduce the life span of the membrane during hydration-dehydration
cycles that usually happens in starting up and shutting down the devices [4], [5]. Additionally,
high permeability of the membrane for the liquid fuels such as methanol is a serious challenge for
enhancement the efficiency of the fuel cells [6].
The most traditional solution for these problems is increasing the thickness of the membrane to
withstand effectively against the expansion-contraction stresses during hydration-dehydration
cycles [5]. Further thickness increase has been recommended to reduce the permeability of the
liquid fuels such as methanol [7]. The drawback of this solution is increasing the proton
resistance of the membrane and makes difficulty for the water management [5]. Furthermore, the
thicker membrane increases the final cost of the membrane because higher amount of costly
Nafion should be used [4], [8].
One the most promised alternative technique is applying a porous substrate in the membrane and
fills it with a proton conductive material such as Nafion. The porous substrate acts as the
mechanical support and also confines the swelling of the membrane when its water content is
changed [4]. Additionally, it increases the tortuosity of the methanol diffusion path and reduces
the methanol permeability [9], [10], [11]. Therefore, thinner membranes can be made which can
be functionalized effectively that leads to enhancement the conductance of the membrane and
reduces the cost [4], [11].
One of the effective proposed methods for fabrication of the porous substrate is electrospinning
[12]. In this technique, a viscose polymer solution or polymer melt is ejected as a continuous jet
from a nozzle by applying high voltage to the fluid to highly charge it. When the jet becomes
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solidify and collect by a collector (which is usually grounded) a fibrous mat is produced if the
electrospinning parameters are controlled appropriately [13], [14], [15]. Simplicity, unnecessary
to provide costly and expensive apparatus, and ability to tailor the morphology of the fibers make
this process very attractive [12].
A lot of published reports have been shown the effectiveness of this method for fabrication of the
porous substrate to reinforce PEMs [16]. However, filling the pores with a proton conductive
polymer is a challenging task because of the surface energy mismatch between the two phases.
This mostly causes that some pores remain unfilled with the proton conductor phase that increase
the resistivity of the membrane [17]. Using the same polymer for both the fibers [18], [19] as well
as the matrix and introducing additives to reduce the surface energy mismatch of the matrix and
reinforcement [20] has been proposed. One of the most innovative methods was functionalizing
PVDF electrospun fibers with Nafion by a 3-step chemical reaction rout. In this method, PVDF
nanofibers anchored by poly glycidylmethacrylate and maleimidobenzoic acid to Nafion. It was
observed the chmical modification of the fibers enhanced the proton conductivity of the final
membrane in the wasy that it was even excel than pristine Nafion because of providing proton
conducting channels in the membrane [17]. Although this method was very successful for
improvement the properties of the fabricated membrane, it was required rigorous synthesis
process to modify the surface of the nanofibers which increases the cost and complexity.
In the present study, for the first time (to the author’s knowledge), coaxial electrospinning is
applied

to

coat

the

reinforcement

fibers;

namely,

poly

vinylidene

fluoride-co-

hexafluoropropylene (PVDF-HFP) and polysulfone (PSU) with Nafion. Coaxial electrospinning
is the modified electrospinning technique for producing core-sheath fibers. In this method,
usually, two different polymeric fluid pump separately to a coaxial nozzle which connect to a
high voltage power supply for charging up and draw as a coaxial jet to produce core-sheath fibers
[21], [22]. The electrospun core sheath fibers in our research have a potential to facilitate the
pore-filling process because Nafion sheath will minimize the surface energy mismatch between
the fibers and the matrix. It should be mentioned that the surface modification will be provided
during the electrospinning process and no additional procedure will be required which maintains
the simplicity and cost-effectiveness of the process.
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4.2 Experimental procedure
4.2.1 Materials
N,N-Dimethylformamide (DMF, anhydrous, 99.8%), n-propanol (ACS reagent, ≥ 99.5% ),
Polysulfone (PSU, average Mn ~22,000), and Poly vinylidene fluoride-co-hexafluoropropylene
(PVDF-HFP, average Mn ~130,000) were purchased from Sigma-Aldrich. Two different
polyethylene oxide (PEO) powders, with different molecular weight (Mv ~ 400,000, and Mv ~
900,000) which were labeled low molecular weight polyethylene oxide (LMWPEO) and high
molecular weight polyethylene oxide (HMWPEO) during this report also bought form SigmaAldrich, too. Nafion solutions with 5 wt% (D520) and 20 wt% (D2020) concentration as well as
1000 EW, were provided from Chemours (DuPont) company. Deionized water (type 1, resistivity
> 18 Megaohm.cm) and was received from ChemWorld. All materials were used without further
purification.

4.2.2 Solution Preparation
DMF-acetone mixture solvent was provided by adding 40 Vol.% acetone to 60 Vol.% DMF and
used for the preparation of core polymer solutions at a concentration of 20wt%. The mixtures
were stirred via a magnet stirrer for around 6 hours to produce a homogeneous solution at room
temperature.
To prepare 10 wt% Nafion solution, 20 wt% as purchased Nafion solution (D2020) was diluted
by addition of deionized water and n-propanol to it (n-propanol:water = 2:1 by weight). For the
low and medium concentration sheath solution preparation, 0.5 wt% HMWPEO was added to
5wt%

(as

purchased

D520)

or

10

wt%

(the

diluted

D2020)

Nafion

solution

(solution:HMWPEO=99.5:0.5) to make Nafion solutions electrospinable. For high concentration
sheath solution (20 wt%), as purchased D2020 was used and LMWPEO was introduced to the
solution in the way that PEO consist 1wt% of the whole polymer content (PEO: Nafion content =
1:99 or PEO : solution ≈ 0.2:99.8). The similar ratios for Nafion to PEO were used successfully
for plain electrospinning of Nafion in the literature [23], [24], [25]. The mixtures were stirred 12
to 24 hours to dissolve the PEO completely and homogenous solutions were provided.

4.2.3 Electrospinning
A home-made electrospinning set-up was applied for coaxial electrospinning (Fig. 4.1). Two 10
mL plastic syringes were filled bubble free and mounted on two different syringe pumps. The
core solution syringe was mounted on a Legato 200 syringe pump (KDS) to adjust the flow rate
(Fc = 0.1 to 1 mL/h) and it was connected directly to the inner needle of a tri-axial needle (custom
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tri-axial needle, ramé-hart instrument co.). The sheath syringe was mounted on a NE-1010
syringe pump (New Era Pump Systems Inc) to control the flow rate (Fs =0.2 to 1.4 mL/h) and it
was connected to the middle needle of the tri-axial needle by a Tygon tube (ramé-hart instrument
co.). The outer needle of the tri-axial needle just functioned as the mechanical support to protect
the inner and the middle needle from deflection or off-centric that can be taken placed
accidentally during installation. In other words, no solution was flow in the outer needle. The
features of the tri-axial needle are listed in Table 4.1.

Fig. 4.1: The home-made coaxial electrospinning set-up.
Table 4.1: The features of the tri-axial needle that was used for coaxial electorpsinning.
Vendor

ramé-hart instrument co.

Product

custom tri-axial needle

Material

Needles: Stainless steel,
Washers: PTFE

Needle Size

Outside Diameters,

Inside Diameters,

OD (mm)

ID (mm)

Inner Needle

0.84

1.24

Middle Needle

1.6

2.11

Outer Needle

2.39

3.05

77

To charge up the solution for electropsinning, a power supply (ES50, Gamma high voltage
research) was connected to the needle and a grounded static steel plate covered by an aluminum
foil that was served as the current collector. The current collector was placed 15 cm from the
needle tip and the applied voltage was fixed at 15 kV during the electrospinning process. To
reduce the humidity of the atmosphere and prevent the fluffy structure formation during the
electrospinning, the electrospinning path (the tri-axial needle tip to the collector) was isolated by
a plexiglass chamber which was filled by nitrogen gas during the process. The spinning time was
10 to 15 min when the core was PSU and 30 to 60 min when the core was PVDF-HFP.

4.2.4 Characterization
Usually the central part of the electrospun mats was selected for the scanning electron
microscope (SEM) investigations. In case the some parts of the mat suffered from film formation,
samples from both film formed and fibrous parts of the mat were prepared. To examine the
fibers’ cross-section by the electron microscope, the freeze fracture technique in liquid nitrogen
was applied. A sputter coated machine (Q150 RS, Quorum) was utilized to coat the samples with
gold and make them conductive. The samples were examined by Field Emission Scanning
Electron Microscope (FEG 200, Quanta) under high vacuum condition and 13.5 kV applied
voltage.

4.3 Result and discussion
4.3.1 Coaxial electrospinning of Nafion/PVDF-HFP
4.3.1.1 Result of the non-systematic experiments
When Nafion is applied as the sheath for coaxial electrospinning, two basic challenges should be
addressed. The first one is low entanglement of Nafion molecules which leads to spraying instead
of spinning when the high voltage to the Nafion solution. To mitigate this challenge, some
polymers such as polyethylene oxide (PEO) [24], [26], polyacrylic acid (PAA) [27], and poly
vinyl alcohol (PVA) [28] have been introduced to Nafion to make it electrospinnable . In my
experiments, I used low molecular weight PEO (Mw~400,000g/mol) when the Nafion
concentration was 20wt% and in other cases (when the Nafion concentration was 5 or 10%), high
molecular weight PEO (Mw~900,000g/mol) was applied. The mentioned PEOs were used
successfully for plain electrospinning of Nafion [23], [24], [25].
The second basic challenge is related to high ionic conductivity of Nafion at high humidity
condition. At the initial stage of electrospinning process, the new arrival fibers reached to the
collector become neutral due to highly conductive nature of the fibers and deposit on it. Then, by
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proceeding the process, the other fibers prefer to deposit on the former deposited fiber because
they a little closer to the needle than the collector. Therefore, the mat starts growing to the needle
tip and forms three dimensional fluffy structure instead of growing to the lateral sides to form a
flat mat [29]. To tackle this problem, the electrospinning was performed under the Nitrogen
atmosphere to reduce the humidity of the electrospinning chamber.
Beside of the mentioned problems, there were other challenges that needed to be addressed for
coaxial electrospinning. Clogging was one of the major problems during coaxial electrospinning
of Nafion/PVDF-HFP which usually observed at high flow rate and interrupted the process (Fig.
4.2).

Fig. 4.2: Clog formation during electrospinning

Another issue was beads formation among the electrospun fibers. When the flow rates of both
core and sheath were identical small spherical beads were formed on the electrospun fibers (Fig.
4.3 a and b). The problem of beads formation became more severe when the flow rate of the
sheath was more than the core flow rate (Fig. 4.3-c). Although, reduction of the core flow rate
with respect to sheath flow rate was helpful to remove the beads, the fibers entangled together
remarkably (Fig. 4.3-d)
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(a) Fc=Fs=0.5 mL/h

(b) Fc=Fs=0.3 mL/h

(c) Fc= 0.5 mL/h; Fs= 0.3 mL/h

(d) Fc= 0.3 mL/h; Fs= 0.5 mL/h

Fig. 4.3: SEM micrographs of coaxial electropsun fibers when the concentrations of the core and sheath
were 20 wt%.

When low Nafion concentration solution was applied for the sheath, the beads problem was
almost addressed effectively. However, the entanglement of the fibers was not improved and
sometimes become deteriorate (Fig. 4.4). Beside of that, sometimes the mat was also suffered
from ribbon formation and merging the fibers (Fig. 4.5).
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(a) Fc=Fs=0.3mL/h

(b) Fc=Fs=0.2mL/h

(c) Fc=Fs=0.2mL/h
Fig. 4.4: SEM micrographs of coaxial electrospun fibers (Nafion/PVDF-HFP) when the concentration of
PVDF-HFP solution (core) was 20wt% and the concentration of Nafion solution (sheath) was 5wt% .
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Fig. 4.5: SEM images (in two different magnifications) of ribbon formation in the electrospun mat when
the concentration of the core and sheath were 20 and 5wt%, respectively. The flow rates of the core and
sheath were identical and it was adjusted to 0.5mL/h.

Additionally, two new types of defects were appeared in the microstructure too: micro-spots and
micro-hills. Large semi-circular defects can be detected by SEM (and small spots by naked eye)
when low concentration Nafion solution utilized for the sheath (Fig. 4.6-a and d). Although the
origin of this defect is not clear for the author, the most possible explanation for this phenomenon
is spraying unspun droplets. Usually, unspun droplets were observed when the flow rate was
higher than the ejected solution by electrospinning [13]. Since, this defect was not observed when
the concentration of the sheath solution was higher (20wt%), the lack of entanglement might have
the most contribution in micro-spot formation. Based on this explanation, although the carrier
makes the sheath solution electrospinnable, sometimes it cannot provide enough entanglement
between all Nafion molecules. Such molecules accumulate together and can be ejected as unspun
droplets during the electrospinning process. When the unspun droplets hit the mat because they
were still wet and they could deform easily. Therefore, they flow among the fibers, merge the
fibers together and form the circular defect or micro-spots. Clog formation which usually was
taken placed at high flow rate, also make the jet unstable and promote unspun droplets.
Micro-hills mostly formed on the central part of the electrospun mat. At low magnification, it
seemed that the bending instabilities were confined to the area around the micro-hill. Large
particles also can be detected on the micro-hill (Fig. 4.6 a-c).
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(a) Fc=Fs=0.5mL/h

(b) Fc=Fs=0.5mL/h

(c) Fc=Fs=0.2mL/h

(d) Fc=Fs=0.5mL/h

Fig. 4.6: SEM images of micro-hills and micro-spots in coaxial electrospun Nafion/PVDF-HFP mats when
core concentration and sheath concentration was 20 and 5wt%, respectively; (a) both micro-hills and microspots at low magnifications, (b) the image of a micro-hill (top), (c) the image of a micro-hill (side), (d) the
image of a micro-spot.

The over-wetting of the middle part of the electrospun mat is a possible explanation for this
phenomenon. Based on this explanation, it seemed the central part cannot dry totally even when
electrospinning was done under the nitrogen atmosphere. Therefore, the fluffy structure was
formed in the micro-scale due to high ionic conductivity of Nafion. Based on this theory, it can
explain easily why the micro-hills usually formed in the central part of the mat. The fibers on the
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lateral side of the mat experienced more bending instabilities before they reach to the collector
which leaded to losing almost all of the solvent content. As a result, they have less potential for
micro-hill formation.
The density of micro-hills was increased when the low Nafion concentration was applied for the
sheath. In this case, there was not enough time for the jet to remove all the solvent during flight
time and they were wetter when the hit to the collector. Therefore, the potential for micro-hills
formation was higher when the Nafion concentration was reduced.
For removing the defects (micro-hills, micro-spots, ribbons, and beads) and improving the
electrospinning process (prevent clog formation), a set of systematic experiments was devised to
examine the effect of electrospinning parameters; namely, flow rates and concentrations of the
solutions on clog formation and microstructure of the electrospun mats.

4.3.1.2 Result of the Systematic Experiments
To address the clog formation and microstructural defects, 12 experiments have been done. In
each experiment, the concentration of the core (PVDF-HFP in DMF-acetone mixture) was the
same, but three different concentrations for the sheath (Nafion solution) were examined (5, 10,
and 20wt%). Also, for each composition of the solutions, two different sheath flow rate were
tested (1.4 mL/h and 0.2 mL/h). When the flow rate of the sheath (Fs) adjusted to 1.4 mL/h, the 1
mL flow rate was selected for the core (Fc). However, when sheath flow rate was set to 0.2 mL/h,
three values for core flow rate were tested: 0.1, 0.15, and 0.2 mL/h. Table 4.2 summarized the
result of the experiments.
As it can be seen in the table, the clogging was reduced when the concentration of the sheath was
higher and the summation of core and sheath flow rate was lower. It seemed the clog formation
had root on two different phenomena: viscosity of the sheath and mixing of the two solutions.
Since in coaxial electrospinning, the viscos drag between the core and sheath is the driving force
for ejection and stretching of the core, the viscosity of the sheath is a key factor for successfulness
the process [21]. If the viscosity of the sheath is not enough to carry the core, the core will
accumulate on the needle tip and form clogging. Another important factor is ability to mix the
solutions. At high flow rate, two solutions have more chance to mix together for relatively long
time before the ejection. As the solutions are not miscible to each other, when they were mix
together, a high viscose phase separated mixture were produced which will not electrospinable.
As a result, they start accumulation on the needle tip and form clogging. Based on the
observations of these experiments and the PSU/Nafion coaxial electrospinning experiments (see
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section 4.3.2.1), low flow rates (for both core and sheath) and high sheath concentration is
recommended to avoid clogging.
Table 4.2: The mat features and jet stability of coaxial electrospinning (core: PVDF-HFP, shell: Nafion)
when the concentration sheath as well as the flow rate was changed.

Nafion
Concentration
(wt%)

Core Flow Sheath Flow Mat appearance
rate (mL/h) rate (mL/h)

5

1

1.4

Medium size, thick, trace of Extremely serious
a lot of splashes on it.

0.2

0.2

Small size, thick

Serious

0.15

0.22

Small size, thick

Serious

0.1

0.2

Small size, thick

Medium

1

1.4

Relatively small size, thick, Extremely serious
film formation on the
middle

0.2

0.2

Relatively small size, thick, Serious
trace of a lot of splashes on
it.

0.15

0.22

Small size, thick, A lot of
unspun droplets hit the
bottom of the mat

Serious

0.1

0.2

Small size, thick

Not serious

1

1.4

Very large size, thick

Extremely serious

0.2

0.2

Relatively large size, thick

Medium

0.15

0.22

Relatively large size, thick

Not serious

0.1

0.2

large size, thick

Not serious

10

20
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Clogging

4.3.1.2.1 Morphology of coaxial electrospun mats when the concentration of the sheath was
5%:
Fig. 4.7 shows the low magnification SEM images (secondary electron, SE, and back-scattered
electron, BSE) of the electrospun mats when the concentration of the Nafion solution (sheath)
was 5%. As it can be seen, a lot of micro-spots and micro-hills can be detected in the images. The
instability of the electrospun jet and lack of entanglement among the Nafion molecules sounds
responsible for the micro-spots formation. If the source of micro-spots is unspun droplets, which
nearly all pieces of evidence support this idea, increasing the flow rate encourage the jet to form
unspun droplets [13]. This helped the jet to remove additional solvent that could not take part in
electrospinning process and preserve the mass balance between the solvents fed the needle tip and
the ejected solvent by the electrostatic and viscose drag forces. As it can be seen, the density and
size of the micro-spots were higher when the flow rate was too much (Fc = 1mL/h, Fs= 1.4 mL/h,
Fig. 4.7-a and b), in comparison to the lower flow rates. Furthermore, at high flow rate, extreme
clogging was taken placed (Table 4.2) which interrupted the fiber formation to some extend and
promote unspun droplets ejection.
Another mechanism which promotes unspun droplet formation is lack of entanglement. At low
concentration the entanglement between the all of polymer molecules is not enough and some of
them spraying instead of spinning. For Nafion, this situation can be much more serious which
leads to spraying during the spinning process even when relatively higher concentration and
higher molecular weight carrier was applied. As it will be seen in the next section, the density of
unspun droplets will be reduced when the concentration of the sheath solution will be increased.
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(a) Fc = 1mL/h, Fs= 1.4 mL/h

(b) Fc = 1mL/h, Fs= 1.4 mL/h

(c) Fc = 0.2mL/h, Fs= 0.2 mL/h

(d) Fc = 0.2mL/h, Fs= 0.2 mL/h

Fig. 4.7: Low magnification SE (left column; a, c, e, and h) and BSE (right column; b, d, f, and h) images
of 5% sheath concentration of coaxial Nafion/PVDF-HFP electrospun mat with different flow rate.
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(e) Fc = 0.15mL/h, Fs= 0.22 mL/h

(f) Fc = 0.15mL/h, Fs= 0.22 mL/h

(g) Fc = 0.1mL/h, Fs= 0.2 mL/h

(h) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.7 (continue)

The other problem that can be detected in Fig. 4.7 is micro-hills. In all of the samples a lot of
micro-hills can be formed. If the main reason for micro-hill formation is high humidity and ionic
conductivity of the electrospun mat, it can be easily explain why the density of micro-hills is very
high when the low concentration Nafion was used for the sheath. Since low concentration Nafion
solution contains a lot of solvent, it could not dry enough during the flight time which leaded to
formation large number of micro-hills. So, it is expected that by increasing the flow rate density
and size of the micro-hills would be increased. However, while the density of the micro-hills
increased by increasing the flow rates to 1 and 1.4mL/h for the core and sheath respectively, the
size of them become smaller (Fig. 4.8). Although the exact reason of this surprising result is not
clear for the author, the size and abundance of micro-spots in the high flow rate sample may
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responsible for such phenomenon. Based on this explanation, the produced micro-hills were
buried in the unspun droplet which hit the electrospun mat. The micro-spots should cover with the
new arrived electrospun fibers and then the micro-hills found a chance for growing if they were
not buried again by another unspun droplet.

(a) Fc = 1mL/h, Fs= 1.4 mL/h

(b) Fc = 0.15mL/h, Fs= 0.22 mL/h

Fc = 0.1mL/h, Fs= 0.2 mL/h
Fig. 4.8: SEM images from micro-hills on 5% sheath concentration coaxial Nafion/PVDF-HFP mats with
different flow rates.

On contrary to forming large defects (micro-hills and micro-spots) in the electrospun mats, the
electrospun fibers were found more intact. Fig. 4.9 illustrates high magnification image of the
electrospun fibers. Beside of small spherical beads that were formed when the flow rate was high
(Fig. 4.9-a), obtained fibers at the low flow rate were almost bead free. The some ribbon-like
fibers can be detected in all microstructures except for when the flow rates of the core and sheath
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was 0.1 and 0.2 mL/h, respectively. In these flow rates, it seemed the stretching of the core and
sheath adjusted together. Therefore, the core always filled the fiber and prevented to form hollow
fibers which were collapse to ribbon-like fibers.
The surprising result is reduction of the fibers’ size by increasing the flow rate. As it can be seen
in Fig. 4.9 when the flow rate is high (Fc = 1mL/h, Fs= 1.4 mL/h), the thinner fiber could be
produced in comparison to the other fibers that were formed when the sheath flow rate was
0.2mL/h. It was very rare observation because most of the researchers were reported the opposite
observation [15], [30]. More investigations are required to understand the reason beneath of this
unexpected result.

(a) Fc = 1mL/h, Fs= 1.4 mL/h

(b) Fc = 0.2mL/h, Fs= 0.2 mL/h

(c) Fc = 0.15mL/h, Fs= 0.22 mL/h

(d) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.9: Morphology of 5wt% sheath concentration of coaxial Nafion/PVDF-HFP electrospun fibers with
different flow rate.
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Another surprising result was effectiveness of producing core-sheath fibers by using low
concentration sheath solution. Fig. 4.10 shows the SEM images of fibers’ cross-section. Although
sometimes the sheath was failed to cover the core completely (Fig. 4.10-b), the process was
mostly successful. It was recommended to control the viscosity of the solutions in the way that
the viscosity of the sheath was higher than the viscosity of the core because the core is carried by
the viscose drug force between the core and sheath. Therefore if the viscosity of the sheath was
less than the core it will be failed to eject the core from the Taylor cone and form coaxial fibers
[21]. However, in this case, the low sheath concentration was able to carry the viscose core
successfully.

(a)

(b)

Fig. 4.10: The cross-section of coaxial electrospun Nafion/PVDF-HFP fibers when the concentration of
sheath was 5wt% and the flow rates of the core and sheath were 0.2 mL/h

4.3.1.1.2 Morphology of coaxial electrospun mats when the concentration of the sheath was
10%:
Fig. 4.11-a shows the electrospun mat when the flow rate was high (Cc = 1 and Cs = 1.4 mL/h). As
it is clear in this image a twin mat was formed after the process. Sometimes, during
electrospinning process, the clogging (Fig. 4.11-b) changed the direction of the jet a little by
passing the time which causes formation of a new mat proximated to the former one. In this case,
however, one of the formed mats was suffered from film formation. It seemed the unspun droplet
that cannot participate in electrospinning, bombarded one of the formed mat and caused the film
formation. Fig. 4.12 illustrates the SEM images of the film area. As it can be seen, a lot of cracks
were propagated in this area due to drying shrinkage of the film. However, the other part of the
twin mat was fibrous and have similar microstructure to the other electrospun mats.
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(a)

(b)

Fig. 4.11: (a) The image of coaxial electrospun mat (Nafion/PVDF-HFP) when the concentration of the
sheath was 10wt% and the flow rates of the core and the sheath were 1 and 1.4mL/h, respectively (b)The
clog formation during the process.

(a)

(b)

Fig. 4.12: Low magnification SEM images of the formed film of the electrospun mat which described in
Fig. 4.11; (a) SE image (b) BSE image

Fig. 4.13 shows low magnification images of the electrospun mats when the concentration of the
sheath was 10 wt%. Some micro-spots can be detected in the microstructures, but by reduction of
the flow rates, the size and density of them became reduced. Increasing the stability of the Taylor
cone by and less solution accumulation on the needle tip by reduction of the flow rates, decreased
the unspun droplets during the electrospinning process. It should be mentioned, based on Fig.
4.13-a and b, the micro-spots were disappeared when the flow rate of the core and sheath were
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0.1 and 0.2 mL/h, respectively, but more investigation revealed that they were covered by the
electrospun fibers (Fig. 4.14).

(a) Fc = 1mL/h, Fs= 1.4 mL/h (fibrous part)

(b) Fc = 1mL/h, Fs= 1.4 mL/h (fibrous part)

(c) Fc = 0.2mL/h, Fs= 0.2 mL/h

(d) Fc = 0.2mL/h, Fs= 0.2 mL/h

Fig. 4.13: Low magnification SE (left column; a, c, e, and h) and BSE (right column; b, d, f, and h) images
of 10% sheath concentration of coaxial Nafion/PVDF-HFP electrospun mat with different flow rate.
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(e) Fc = 0.15mL/h, Fs= 0.22 mL/h

(f) Fc = 0.15mL/h, Fs= 0.22 mL/h

(g) Fc = 0.1mL/h, Fs= 0.2 mL/h

(h) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.13: (Continue)
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Fig. 4.14: A micro-spot which is covered by the 10% sheath coaxial electrospun fibers when Fc = 0.1mL/h,
Fs= 0.2 mL/h.

Another issue was highly porous micro-spots when the flow rates was high (Fc = 1mL/h, Fs= 1.4
mL/h). Fig. 4.15 illustrates a micro-spot in the mat with different magnifications. As it can be
seen in the high magnification images (Fig. 4.15-c and d) a lot of pores can be detected in the
micro-spots. Although the source of the pores has not been clear for the author yet, I suspicious to
the phase separation between PVDF-HFP and Nafion. In unspun droplets, PVDF-HFP and
Nafion mixed together and when they reach to the collector they dissolved some of electrospun
fibers in them, too. During the drying process, the concentration of these two polymers in microspots might pass the solubility limit and phase separation can be taken placed. Some phase could
have more solvent that by losing the residual solvent and shrinkage the phase, pores would be
formed.
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.
(a)

(b)

(c)

(d)

Fig. 4.15: The SEM images of a porous micro-spot in coaxial electrospun mat in different magnifications
when the sheath concentration was 10wt% and the flow rates of the core and sheath were 1 and 1.4 mL/h,
respectively.

Based on low magnification images (Fig. 4.13), it seemed the micro-hill defects were removed
from the mats. However, in lower magnification images, some micro-hills can be spotted (Fig.
4.16-a). The density of the micro-hills was reduced considerably when the concentration of the
Nafion in the sheath was increased to 10wt%, but still some of them can be detected in the
electrospun mats. It should be mentioned that the micro-hills normally have been formed in the
central part of the mat. Since the SEM samples were prepared from the central part of the mats,
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the whole micro-hills in the mat would be just a few times more than what it is observed and they
are not a serious problem.

(a)

(b)

Fig. 4.16: The SEM images of micro-hill(s) in coaxial electrospun mat in different magnifications when the
sheath concentration was 10wt% and the flow rates of the core and sheath were 0.15 and 0.22 mL/h,
respectively; (a) Low magnification image (b) the images of one micro-hill at high magnification.

Fig. 4.17 shows the SEM images of the electrospun fibers. Applying high flow rate (F c = 1mL/h,
Fs= 1.4 mL/h), increased the fibers’ size in comparison to the obtained fibers in the low flow
rates, remarkably which was anticipated [15]. The electrospun fibers in each flow rate was bead
free, but in some cases, ribbon-like structure can be observed (Fig. 4.17 a and d). The ribbon-like
structure was reduced dramatically when Fc and Fs dropped from 1 and 1.4 mL/h to 0.2 and 0.2
mL/h, respectively. By reduction of the core flow rate to 0.15 mL/h, the ribbons almost diapered,
but by reduction more to 0.1 mL/h, the density of them increased, significantly. It seemed when
Fc = 0.15mL/h, Fs= 0.22 mL/h and when Fc = 0.2mL/h, Fs= 0.2 mL/h, the core and sheath could
stretch together, effectively. In other cases (Fc = 1mL/h, Fs= 1.4 mL/h, and Fc = 0.1mL/h, Fs= 0.2
mL/h), the sheath stretched more than the core which leaded to inability to fill all the fibers with
the core. Therefore, the fibers which had not the core collapse and formed the ribbon-like
structure.
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(a) Fc = 1mL/h, Fs= 1.4 mL/h (side of mat)

(b) Fc = 0.2mL/h, Fs= 0.2 mL/h

(c) Fc = 0.15mL/h, Fs= 0.22 mL/h

(d) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.17: Morphology of 10wt% sheath concentration of coaxial Nafion/PVDF-HFP electrospun fibers
with different flow rate.

4.3.1.1.3 Morphology of coaxial electrospun mats when the concentration of the sheath was
20%:
Fig. 4.18 shows the low magnification SEM images of the electrospun mats when the
concentration of the sheath reached to 20wt%. Except for the electrospun mat that was formed
under high flow rate (Fc = 1mL/h, Fs= 1.4 mL/h), no micro-spot can be detected on the other
mats. Using the sheath with higher concentration of the Nafion increased the viscosity of the
sheath and increased the capability of carrying the core. Therefore, the stability of the jet became
enhanced which leaded to less clog formation and lower possibility for unspun droplets’ ejection.
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When the flow rate was high (Fc = 1mL/h, Fs= 1.4 mL/h), however, the stability of the jet was
deteriorated due to clog formation (Table 4.2) and a lot of unspun droplets were ejected to the
electrospun mat and formed the micro-spots on the mat.
It is noteworthy that the density and size of the micro-spots was lower in comparison with the
lower sheath concentration (5% and 10%) in Fig. 4.7 and Fig. 4.13 due to increasing the
entanglement of the sheath. Similar to 10wt% sheath mat when Fc = 1mL/h, Fs= 1.4 mL/h (Fig.
4.14), a strange pattern was formed on the micro-spots (Fig. 4.19). Again, the reason of this
pattern is not clear, but it might arise from phase separation.
Beside of micro-spots, the density of the micro-hills decreased with reduction of the flow rate.
When the flow rate was high (Fc = 1mL/h, Fs= 1.4 mL/h) a lot of micro-hills were formed on the
mat because of the inability to dry effectively of the fibers during the flight time. But, by
reduction of the flow rate, the fibers had more chance to lose their residual solvent and the
potential for micro-hill formation was reduce.

(a) Fc = 1mL/h, Fs= 1.4 mL/h

(b) Fc = 1mL/h, Fs= 1.4 mL/h

Fig. 4.18: Low magnification SE (left column; a, c, e, and h) and BSE (right column; b, d, f, and h)
images of 20% sheath concentration of coaxial Nafion/PVDF-HFP electrospun mat with different flow rate.
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(c) Fc = 0.2 mL/h, Fs= 0.2 mL/h

(d) Fc = 0.2mL/h, Fs= 0.2 mL/h

(e) Fc = 0.15 mL/h, Fs= 0.22 mL/h

(f) Fc = 0.15mL/h, Fs= 0.22 mL/h

Fig. 4.18: (Continue)
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(g) Fc = 0.1 mL/h, Fs= 0.2 mL/h

(h) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.19: The SEM images of a micro-spot in coaxial electrospun mat when the sheath concentration was
20wt% and the flow rates of the core and sheath were 1 and 1.4 mL/h, respectively.

In Fig. 4.18-c the surface of the mat when Fc = 0.2mL/h, Fs= 0.2 mL/h is very rough and at the
first glance, it sounds a lot of micro-hills were formed on the surface of the mat. However, higher
magnification SEM image (Fig. 4.20) shows that formation a lot of large beads was the origin of
this roughness.

101

Fig. 4.20: Beads formation on the surface of 20wt% sheath concentration of coaxial Nafion/PVDF-HFP
electrospun mat when Fc = Fs = 0.2 mL/h.

It should be mentioned that the micro-hills did not disappear completely form the surface of the
mats when Fc = 0.15 mL/h, Fs= 0.22 mL/h and Fc = 0.1mL/h, Fs= 0.2 mL/h. In very low SEM
magnification (Fig. 4.21), few micro-hills can be detectable. Since the SEM samples were
prepared form the central part of the electrospun mats and the micro-hills mostly formed on the
center of the mat, this defect can be negligible for our purpose.

(a) Fc = 0.15 mL/h, Fs= 0.22 mL/h

(b) Fc = 0.1 mL/h, Fs= 0.2 mL/h

Fig. 4.21: The SEM images of micro-hill(s) in coaxial electrospun mat when the sheath concentration was
20wt% with different flow rates.
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Fig. 4.22 shows the SEM images of the electrospun fibers when the concentration of the sheath
was 20wt%. As it can be seen, except for when Fc = 0.2mL/h, Fs= 0.2 mL/h, the mats were defect
free and no beads was formed on the fibers.
Since during this set of experiments, just the mats that have been formed under the described
condition in Table 4.3 were defect free (very few micro-hills, no micro-spots, beads, branching,
and ribbon-like structure formed in their microstructure), they can be considered as the optimum
coaxial Nafion/PVDF-HFP mats.

(a) Fc = 1mL/h, Fs= 1.4 mL/h

(b) Fc = 0.2mL/h, Fs= 0.2 mL/h

(c) Fc = 0.15mL/h, Fs= 0.22 mL/h

(d) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.22: Morphology of 20wt% sheath concentration of coaxial Nafion/PVDF-HFP electrospun fibers
with different flow rate.
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Table 4.3: The optimum electrospun condition for production of the core (PVDF-HFP)-sheath (Nafion)
defect-free fibers.
Concentration of
the sheath, Nafion
(wt%)
20
20

Concentration of
the core, PVDFHFP (wt%)
20
20

Flow rate of the
core, Fc (mL/h)

Flow rate of the
sheath, Fs (mL/h)

0.15
0.1

0.22
0.2

Fig. 4.23 shows the SEM cross-section images of the coaxial electrospun fibers that have been
produced under the condition which is described in Table 4.3. Both of the fibers had core-sheath
structure which supports the effectiveness of the process for fabrication of core sheath fibers.

(a) Fc = 0.15mL/h, Fs= 0.22 mL/h

(b) Fc = 0.1mL/h, Fs= 0.2 mL/h

Fig. 4.23: The cross-section SEM images of coaxial electrospun Nafion/PVDF-HFP fibers under the
condition which is described in Table 4.3.

4.3.2 Coaxial electrospinning of Nafion/PSU
4.3.2.1 Clogging:
Coaxial electrospinning of Nafion (sheath)/PSU (core) was not very straight forward. During
electrospinning process sometimes severe clogging was taken placed which ceased the mat
formation. It was realized that the flow rate and concentration of both core and sheath determined
the clogging situation (almost similar to coaxial electrospinning of Nafion/PVDF-HFP).
Therefore, the following experiments were design to find when the clogging was happened. Three
concentrations for sheath (5, 10, and 20wt%) and three concentrations for core (5, 10, and
20wt%) were tested as well as two flow rates for the core (0.15 and 1mL/h). When the flow rate
of the core was 0.15mL/h the flow rate of sheath was 0.22mL/h and when it set on 1mL/h, the
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flow rate of sheath was fixed on 1.4mL/h. Therefore, the ratio of the sheath flow rate to core flow
rate was not change during the experiments. The features of the formed mat were also differed
with each other. The formed mat sometimes was extremely thin that it was difficult to see by
naked eyes and in some cases relatively thick mat was produced. The size of the mat was
sometimes varied significantly for each experiment (Fig.4.24). The results of the tests was
summarised in table 4.4.
At first glance, it is very hard to find a pattern to explain the behavior of clogging when the
electrospinning parameters were changed. However, by reviewing the result of the table, it can be
seen that usually clogging was taken place when the high flow rates (1.4mL/h for sheath and
1mL/h for core) were used. Also, when the concentration of the core reached to 20wt%, the
clogging became severe. As it was mentioned before, the driving force for stretching of the sheath
is electrostatic repulsion while the driving force for electrospinning of the core is the contact
friction or viscose drag between the core and sheath [21]. In other words, the sheath acts as the
support for the core. In case, the viscosity of the core become high the sheath may not able to
carry the core, effectively. During our experiments, when the concentration of the core reached to
20wt%, the viscosity of the core became more than the viscosity of the sheath in case the 5 or
10wt% Nafion solution was applied. However, when the concentration of the Nafion solution
increased to 20wt%, it could provide enough viscos drag to support the high concentration core
jet.
The flow rate also influenced the clog formation. While at low flow rate the jet was more stable,
at high flow rate clogging usually was taken placed. The ability of mixing Nafion solution in PSU
solution can be responsible for this issue. When Nafion solution and PSU solutions added
together, mixture was not stable and phase separation was taken placed. In plain electrospinning,
at high flow rate, sometimes the accumulated solution cannot remove completely by electrostatic
force. In other words, the pumped solution is more than the ejected solution by electrospinning. In
such cases, the solution remains on the needle tip for a longer time. For coaxial electrospinning,
remaining solutions in the needle tip for a longer time could give them the chance to mix together
and produce a highly viscose mixture that was not electrospinnable. Evaporation of their solvent
also deteriorated the situation and eased clogging formation. On the other hand, when the flow
rate was lower, the solution was removed rapidly and the solutions (core and sheath) did not have
enough time to mix together which prevented clogging formation.
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(a)

(b)

(c)

(d)

Fig. 4.24: The formed mat from coaxial electrospinning of Nafion (core)/PSU (sheath): (a) formation a
relatively thick layer when Fc=0.15mL/h, Fs=0.22mL/h, Cc=20wt%, and Cs=20wt%, (b) formation a
relatively large mat when Fc=1mL/h, Fs=1.4mL/h, Cc=10wt%, and Cs=20wt%, (c) formation a relatively
small mat when Fc=0.15mL/h, Fs=0.22mL/h, Cc=10wt%, and Cs=10wt%, (d) formation an extremely thin
mat when Fc=1mL/h, Fs=1.4mL/h, Cc=20wt%, and Cs=5wt% (Cc: concentration of the core solution, Cs:
concentration of the sheath solution, Fc: the core flow rate, and Fs: the sheath flow rate).
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Table 4.4: The mat features and jet stabilities of coaxial electrospinning (core: PSU, sheath: Nafion) when
the concentration of core and sheath as well as the flow rates were changed.

Nafion
Concentration
(wt%)

PSU
Concentration
(wt%)

5

5
10

20

10

5

10
20

20

5

10

20

Core
Flow
rate
(mL/h)
1
0.15
1

Shath
Flow
rate
(mL/h)
1.4
0.22
1.4

Mat appearance

Clogging

Large, thin
extremely thin
small, relatively thick

Serious
Not Serious
Serious

0.15

0.22

Not Serious

1

1.4

Very large, relatively
thin
Very large, thin

0.15

0.22

Small, Very thin

1

1.4

0.15
1
0.15
1

0.22
1.4
0.22
1.4

Extremely large,
medium
Small, medium
Medium, Thick
Small, relatively thin
large, relatively thick

0.15

0.22

1

1.4

0.15

0.22

1

1.4

0.15

0.22

1

1.4

Very large, medium
thickness
Very large, relatively
thick
Relatively large,
relatively thick
Relatively large, thin

0.15

0.22

Small, thick

Very large,
Thin
Extremely large,
relatively thick

Extremely
Serious
Extremely
Serious
Serious
Not Serious
Serious
No clogging
Extremely
Serious
Extremely
Serious
No clogging
(unspun
droplets)
Not Serious
Serious
Not Serious
Extremely
Serious
No clogging

4.3.2.2 Morphology of the electrospun mats
4.3.2.2.1 Morphology of coaxial electrospun mats when the concentration of the sheath was
5%
Fig. 4.25 Shows the low magnification SEM images (secondary electron, SE and back-scattered
electron, BSE) of the electrospun mats when the concentration of the core was 5, 10, and 20wt%,
respectively. In some BSE images such as 4.25-d and i the micro-spots have better contrast from
the background and it is easier to recognize them. In all cases, the micro-spots were formed in the
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mats which means the electrospun jet was not fully stable. The reason can beneath on the
concentration of the solutions. When the concentration of the solutions is too low, the chance for
polymer chains that cannot entangle to each other is increased and the solution is spray in some
extend [30]. Here, since the concentration of the sheath was low the spraying was not inevitable.
Fig.4.25 also reveals that by increasing the flow rate the size of the micro-spots was increased
which means the jet became more unstable.

(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(b) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(c) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

Fig. 4.25: Low magnification SE (left column a, c, e, g, i, and k) and BSE (right column b, d, f, h, j, and l)
images of 5% sheath concentration of coaxial Nafion/PSU electrospun mat with different flow rate and core
concentration
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(e) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10% (f) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(g) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

(h) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

(i) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20% (j) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%
Fig. 4.25: (Continue)
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(k) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

(l) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig. 4.25: (Continue)

Fig. 4.26-a and b, shows the SEM images of a micro-spot when the concentration of the core was
20wt% and the high flow rates were applied for the process. As it can be seen, some columnar
structures were appeared on the micro-spot. The origin of the structure was not clear, but similar
to what was observed in electrospun Nafion/PVDF-HFP mats (Fig 4.14 and 4.19) pahse
separation of the polymer on the micro-spots might be taken placed. Based on this explanation,
the micro-circles had a lot of residual solvent when they hit the collector. During the drying
process, phase separation between PSU and Nafion was taken placed which leads to
crystallization of the polymer and growing such structures. Producing no columnar structure,
when the concentration of Nafion was low also supports this explanation. Forming the similar
structure (Fig. 4.26-c and d) when the flows were low also reveals that this structure is not
affected significantly by the flow rate. However, further investigation with TEM is required to see
whether the degree of crystallinity is increased in these regions or not.
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(a)

(b)

(c)

(d)

Fig. 4.26: The examples of columnar structure growth on the micro-circles in coaxial Nafion/PSU
electrospun mats when the concentration of core and sheath were 5 and 20wt%, respectively under different
flow rates; (a and b) Fc = 1mL/h, Fs= 1.4 mL/h; (c and d) Fc = 0.15mL/h, Fs= 0.22 mL/h.

Fig. 4.27 shows the higher magnification images of the electrospun fibers when the sheath was
5% Nafion solution. When low concentration PSU solution was applied for the core, the density
of fibers was reduced remarkably especially at low flow rate. Although increasing the flow rate
increased the density of fibers in the mat, the number of the beads was rose too. It was reported
that reduction of the polymer concentration can lead to bead formation because at low
concentration surface tension can overcome the surface charge density [15]. By increasing the
concentration of the core to 10wt%, the shape of the beads became irregular when the flow rate
was low. It is a strange result, because most of the time beads are spherical (to reduce surface
tension as much as possible) or spindle-like (to compromise between the surface tension and
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electrostatic repulsive force). Another surprising result was observed when the flow rate of the
core and the sheath were increased to 1 and 1.4mL/h, respectively (Fig. 4.26-d). The
microstructure was almost defect-free and almost no beads were observed. It is noteworthy that
serious clogging was happened during the electrospinning under the mentioned condition (Table
4.4), but the microstructure it was enhanced. Almost the same thing was happened when the
concentration of the core was increased to 20wt%. At low flow rate, the quality of the fibers was
improved remarkably and the density of beads was decreased. At high flow rate, the quality of the
mat a little lower than the 10% PSU core fibers, but it is significantly better than the 5% PSU core
fibers. It should be mentioned that when the concentration of the core reach to 20wt% extremely
serious clogging was taken placed (Table 4.4).

(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(c) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(b) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

Fig. 4.27: Morphology of 5wt% sheath concentration coaxial Nafion/PSU electrospun fibers with different
flow rate and core concentration
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(c) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig. 4.27: (Continue)

4.3.2.2.2 Morphology of coaxial electrospun mats when the concentration of the sheath was
10%
Fig. 4.28 shows the SE and BSE low magnification images of the electrospun mats when the
concentration of the sheath solution was 10%. Except for 10wt% core concentration when the
high flow rate was used (Fig. 4.28 g and h), the electrospun mats were suffered from micro-spots.
However, the density and the size of the micro-spots became less in comparison to 5% sheath
concentration (Fig. 4.25).

(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(b) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

Fig. 4.28: Low magnification SE (left column a, c, e, g, i, and k) and BSE (right column b, d, f, h, j, and l)
images of 10% sheath concentration of coaxial Nafion/PSU electrospun mat with different flow rate and
core concentration.
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(c) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(e) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(g) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(f) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(h) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

Fig. 4.28: (Continue)
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(i) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

(k) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

(j) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

(l) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig. 4.28: (Continue)

Increasing the concentration of the sheath enhanced the entanglement of the Nafion molecules
which leaded to lower spraying (unspun droplets). It is interesting that the density of the microspots was reduced when high flow rates were applied. Usually, the jet became less stable when
the flow rate is increased and unspun droplets were ejected [13].

Fig. 4.29 shows a few micro-circles when the 5wt% PSU solution was used for the core and high
flow rates were applied. As it can be seen, two of micro-spots connected by a strip which is an
evidence for supporting the explanation that micro-spots formed from unspun droplets. It seemed
a droplet ejected from the Taylor cone, and before reaching to the collector, it split to a few
droplets. However, because of the entanglement of the polymer molecules, they connected to
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each other by a semi-liquid string. When the droplets and the connected string hit the collector,
the pattern which is represented in Fig. 4.28 was formed.

Fig. 4.29: The SEM images of micro-circles that may produce by splashing the droplets to the mat when
Fc = 1mL/h, Fs= 1.4 mL/h, CPSU=5%

It is noteworthy that some micro-spots were covered by electrospun fibers and it is not easy to
detect by SE mode (Fig.4.30-b). Usually, for detecting these micro-spots, the BSE images are
more helpful.

(a)

(b)

Fig. 4.30: SEM images of a micro-spot which was covered by electrospun fibers (Fc = 0.15mL/h, Fs= 0.22
mL/h, Cc=5%); (a) SE images (b) BSE image.
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Similar to 5% sheath concentration (Fig. 4.26), sometimes columnar structures were growth on
the micro-spots (Fig. 4.31). As it was mentioned before, the origin of them is not clear for the
author yet, but they may segregated crystalized polymer, which growth from the micro-circles
during the drying process.

(a)

(b)

Fig. 4.31: SEM images of columnar structure growth on a micro-spot in coaxial Nafion/PSU
electrospinning when Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20% (a) SE image (b) BSE images

Rough surface are sometimes observed in low magnification images. At the first glance, they
were similar to micro-hills, but higher magnification investigation, revealed that they were some
fibers entangled together (Fig. 4.32). The reason of entanglement is not clear, yet; however, they
may embryos of micro-hills. If this guess is correct, these parts of the mat might not as dry as the
other part of the mat. Also, the micro-hills might be formed if the longer spinning time will be
applied. It should be mentioned that no merged particle-like structure was detected in these
regions.
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(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(b) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(c) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig. 4.32: SE (a,b, and c) and BSE (d) images of the entanglement of coaxial electrospun fibers when when
the concentration of the sheath was 10wt% which provide uneven surface of the electrospun mats

Fig. 4.33 illustrates the SEM images of the fibers with higher magnification. At low core
concentration (5%), a lot of beads were observed. It is an expected result because when the
concentration is low the viscosity is low too and the surface tension will overcome to the
electrostatic force [30]. By increasing the core concentration to 10 and 20%, the beads became
disappear. Beside of the beads, the microstructure also suffered from ribbon formation which
became more serious when the flow rates were higher. For the plain electrospinning, ribbons
usually are formed due to fast drying. When the drying process is fast, the skin of fibers solidifies
and the remaining polymer deposit on this skin. By diffusion the residual solvent to the fibers’
surface and completing the drying process, the core of the fibers remain empty and the fibers
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collapse to form ribbons [14]. In this case, when the flow rate was lower, thinner jet was formed
which it assist to dry the fibers more uniformly and prevent ribbon formations. As it can be seen
in Fig. 4.33, when the flow rate was low the ribbon fibers became scared, too (Fig. 4.33-c and d).
For the core-sheath fibers; however, another mechanism may promote ribbon formation. In case,
the core was unable to stretch similar to the sheath, core of the semi solidified jet might remain
empty and the sheath collapse due to wiping stress and formed ribbons. It is not clear which
mechanism was responsible for the ribbon formation, but since the ribbons were not observed for
5% Nafion sheath fibers (Fig. 4.27), the second proposed mechanism may more contribution for
this issue.

(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(b) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(c) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

Fig. 4.33: Morphology of 5wt% sheath concentration of coaxial Nafion/PSU electrospun fibers with
different flow rate and core concentration
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At high flow rate and high core concentration (10-20%) (Fig. 4.33-d and f), some columnar
structures growth among the fibers. The reason for this phenomenon is not clear yet, but it is
interesting that they became appear when the beads were vanished.

(e) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

(f) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig. 4.33: (Continue)

Another surprising result was forming small micro-spots among the fibers (Fig. 4.34). As it can
be seen, the size of them was very smaller than the normal micro-spots that was mentioned before
(e.g.: Fig. 4.29-31). The origin of the micro-spots has not been clear yet, but they may produce by
spaying very small droplets from the Taylor cone. Alternatively, they could produce by merging
the fibers together or by collapsing the hollow beads.
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(a)

(b)

Fig. 4.34: SEM images of very small micro-spots among the electrospun mat when Fc = 1mL/h,
Fs= 1.4 mL/h, Cc=5% (a) SE image (b) BSE image

4.3.2.2.3 Morphology of coaxial electrospun mats when the concentration of the sheath was
20%
Fig. 4.35 shows the low magnification SEM micrographs of the coaxial electrospun mats when
the concentration of sheath was 20wt%. Except for the 20wt% core at low flow rate, micro-spots
can be detected in all mats.

The size and density of the micro-spot was not improved

significantly in comparison with 10wt% sheath, but they are far excelling than 5%wt sheath.
The surface of the mats sometimes was uneven which was suspicious for micro-hills. However,
by higher magnification investigation, it was revealed that they were not micro-hills. Fig. 4.36
shows two examples that caused such uneven surface: a large bead that was embedded by
electrospun fibers (Fig. 4.36-a) and fibers entangled together (Fig. 4.36-b). As it was mentioned
before, the entangled fibers may act as the embryo of a micro-hill, if more electrospinning time
will be applied, but we have no evidence to support this idea.
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(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(b) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(c) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

Fig. 4.35: Low magnification SE (left column a, c, e, g, i, and k) and BSE (right column b, d, f, h, j, and l)
images of 20% sheath concentration of coaxial Nafion/PSU electrospun mat with different flow rate and
core concentration.
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(e) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(f) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(g) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

(i) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

(h) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

(j) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

Fig.4.35: (Continue)
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(k) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

(l) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig.4.35: (Continue)

Fig. 4.37 shows the SEM micrographs of the electrospun fibers when the concentration of the
sheath was 20wt%. The 5wt% core concentration was suffered from large number of beads with
different size. In this set of experiments, when the concentration of the core was 5wt%, beads
were appeared in the microstructure. However, for the recent case, the number of beads was
higher and sometimes larger beads can be detected.

(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(b) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

Fig. 4.36: SEM images of large beads that covered by the fibers (a) and entangles fibers (b) as the example
of rough structure in the surface of the electrospun mats.
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(a) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=5%

(b) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=5%

(c) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=10%

(d) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=10%

(e) Fc = 0.15mL/h, Fs= 0.22 mL/h, Cc=20%

(f) Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20%

Fig. 4.37: Morphology of 20wt% sheath concentration of coaxial Nafion/PSU electrospun fibers with
different flow rate and core concentrations.
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By increasing the core concentration to 10wt%, the number of the beads, reduced effectively, but
they were not disappear as it was happened when the concentration of sheath and core was
10wt% (Fig. 4.33-c and d). The interesting result for the 10wt% core concentration is the effect of
the flow rate on the microstructure. Usually, when the flow rate is higher, probability of beads
formation is increased, but in this case, number of the beads become less when the higher flow
rate was applied.

(a)

(b)

Fig. 4.38: Higher magnification of SEM image for the electrospun mat that was formed under the
following condition: Fc = 1mL/h, Fs= 1.4 mL/h, Cc=20% , Cs=20%; (a) surface of the mat (b) cross-section
of the mat

When the core concentration reached to 20wt%, the beads became scare by applying high flow
rates. For the low flow rate, a defect free and narrow fiber size distribution mat was formed. Fig.
4.38-a shows the higher magnification SEM image of this mat. The surface of the fibers was
extremely smooth. The smoothness of the fibers makes it difficult to judge about the cross section
of the fibers (whether they have circular cross section or they are ribbons). Therefore, it is
necessary to check the cross-section of the fibers. Fig. 4.38-b shows the cross-section of the
electrospun mat. As it can be seen from the topography of the fibers’ surface, they have circular
cross-section and also support the formation of core-sheath structure. Additionally, Fig. 4.38-b
revealed a very rare case in this mat that core was failed to fill the whole fiber which leaded to
collapsing the fiber and ribbon-like structure was formed in a segment of the fiber. It is
recommended to investigate the sample with TEM to see whether there is another evidence for
core-sheath formation or not. Since the electrospun jet was very stable and no clogging was
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observed during the process (table 4.4), no special defects was detected in the SEM images, and
there is an evidence to support core-sheath formation, the coaxial electrospun fibers which is
described in Fig. 4.37 can be considered as the optimum result for this set of experiments.

4.4 Conclusion
Producing core (PVDF-HFP or PSU)-sheath (Nafion) fibers by coaxial electrospinning was the
goal of the present study. Clog formation which leaded to interrupt the process and frequently
caused ejection of the unspun droplets was the main challenge of coaxial electrospinning. It was
observed that clogging was mostly influenced by the relative concentration as well as feeding
flow rate of the core and the sheath solutions. Usually, increasing the concentration and reduction
the flow rate of both core and sheath simultaneously not only could address the clogging
challenge, but also removed or minimized the microstructural defects such as micro-hills, microspots, beads, and ribbon-like structures. For PVDF-HFP (core)-Nafion (sheath) case, safe coaxial
fibers were provided under the following conditions: the concentration of both core and sheath
was 20wt%; core flow rate was 0.1 or 0.15 mL/h and the sheath flow rates were adjusted to 0.2 or
0.22 mL/h, respectively. For PSU (core)-Nafion (sheath) co-electrospinning, when the flow rates
of core and sheath were 0.15 and 0.22 mL/h, respectively and both of them contained around
20wt% polymer content, defect-free coaxial smooth fibers were obtained.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Electrospinning conditions were developed for potential matrix polymers polysulfone (PSU),
poly vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP), and polyvinylidene fluoride
(PVDF) as well as for Nafion mixtures with polyethylene oxide as carrier polymer. Finally, the
optimized conditions functioned as starting points for the development of coaxial electrospinning
of core-sheath polymers that contain Nafion as sheath and PVDF-HFP or PSU as core materials.
For the first strategy, electrospinning behaviors of three polymers; namely, polysulfone (PSU),
poly vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP), and polyvinylidene fluoride
(PVDF) in dimethylformamide (DMF) or DMF-acetone mixture solvent were examined. It was
revealed that each polymer showed different electrospinning features and it could not use the
same prescription for all above-mentioned polymers. For example, for fabrication of defect-free
electrospun PSU mat, most of the electrospinning parameters should be adjusted together
carefully and any deviation for the optimum condition could cause defect formation in the
obtained mat. On the contrary, electrospinning of PVDF-HFP was not very sensitive to defects
and by variation the flow rate as well as tip-collector distance widely, usually no defect was
formed. On the other hand, all of our tries for fabrication of safe electrospun PVDF mats were
failed due to over-wetting of the mat which mostly caused film formation instead of producing
fibers. Even by carefully adjustment of the electrospinning parameters, defects such as beads and
branch formation were persisted. It was a surprising result because similar materials (solvent and
polymers) have been used before and satisfactory result was achieved [1]. Since there have been
many successful reports on electrospinning of PVDF when different materials were applied (e.g.:
[2-4]), it is recommended to examine different grade of PVDF for another company or another
PVDF with different molecular weight. Additionally, instead of DMF, dimethylacetamide
(DMAc) or Tetrahydrofuran (THF) can be examined to check any improvement on the
electrospinning behavior of PVDF.
For the second strategy, electrospinnability of Nafion as a proton conductor polymer from the
available commercial solutions (D520 and D2020) was investigated. It should be mentioned a
little (~0.2 to 0.5 wt%) polyethylene oxide (PEO) was introduced to the solutions as the carrier to
make them electrospinnable. Also, all electrospinning tests were carried out under the nitrogen
atmosphere to reduce the ambient humidity and prevent 3D fluffy structure formation [5, 6]. It
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was observed the obtained mat from low concentration Nafion solution (D520, which contains
5% Nafion) was suffered from merged structure, ribbon-like fibers, micro-hills and micro-spots.
The mentioned defects become disappear or minimized when higher concentration Nafion
solution (D2020, which contains 20 wt% Nafion) was applied that make the mat acceptable for
PEM applications.
As most of the researchers preferred to extract the Nafion from the commercial Nafion solution
and then re-dissolve it to another solvent to make a home-made a solution whose parameters
(e.g.: concentration) can be controlled easily, it is recommended to try this conventional method
and compare the result together. Furthermore, it was not accurate way to control the humidity of
the electrospinning chamber by flowing the nitrogen. Therefore, it is suggested to install
dehumidifier and humidity sensor to adjust the humidity of the chamber precisely.
For the last strategy, it was tried to make core (PVDF-HFP or PSU)-sheath (Nafion) fibers by
coaxial electrospinning. It is anticipated the core-sheath structure of the fibers in the mats will
facilitate the pore-filling process because the surface energy mismatch between the matrix
(Nafion) and the porous support (coaxial fibers) would be minimized.
It was revealed that the best mats were obtained when high concentration solutions (20 wt%) was
used for both core and sheath. At the same time, the flow rate of the sheath should be low (0.2
mL/h) and the core flow rate should be lower than for the sheath (0.15 mL/h for PSU and 0.1 to
0.15 mL/h for PVDF-HFP). Deviation from the above-mentioned conditions usually caused clog
formation which interrupted the process or made defects on the mats such as micro-hills, microspots, ribbon-like structure and beads formation.
Although investigation of the freeze-fractured cross-section of the electrospun mats by SEM
provided some evidence to support core-sheath fibers’ formation, it is recommended to examine
the obtained fibers by TEM, too. Such examination, not only helps to check whether core-sheath
formation is a widespread phenomenon in the mat, but also it assists to investigate the interface
structure between core and sheath. This study can reveal the effect of the electrospinning
parameters on the morphology inside of the fibers.
For all produced mats (regardless of the applied strategies), it is recommended to fill the pores by
Nafion via impregnation in low concentration Nafion solution or Nafion casting to make
composite PEMs. Afterwards, the proton conductivity, swelling ratio, gas permeability, and
mechanical strength of the fabricated PEMs will be measured and compared the results together
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(as well as compare the commercially available Nafion base membranes) to find the effectiveness
of each strategy.
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